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Zusanmenfassung

Zusammenfassung

In dieser Arbeit wurde ein Templatmterstitztes Replikationsverfahren unter Verwendung
von anodischen Aluminiumoxid (AAG)emplates, die hexagonal gepackte und
hochgeordnete Poren mit einstellbaren Langen und Durchmessern haben, fur die Herstellung
von gimuli-responsiven oder chemisch einstellbaren Nanoobjekten (z.B. Nanostdbchen und
Nanodrahte) sowie dinnen nanostrukturierten Filmen veranschaulicht und angewendet.
Polymere Nanoobjekte und dinne nanostrukturierte Filme, die den Abmessungen der
Templatepcen entsprachen, wurden durch Infiltrieren der Templates mit verschiedenen
Ausgangsstoffen, gefolgt von einer biMtiierten Vernetzung und einer selektiven Entfernung
der Templates hergestellt. Die vorbereiteten polymeren Nanoobjekte und dinnen
nanostrukdirierten Filme wurden hinsichtlich ihrer Reaktionsfahigkeit auf externe Stimuli und
im Hinblick auf ihre durch Pod®olymerisationsmodifikation erzielte chemische Variabilitat

untersucht.

Chemisch einstellbare und hierarchisch verzweigte Poly(pentafleioyfzttrylat) (PPFPA)
Nanostrukturen wurden durch mehrfach verzweigte APénplateserzeugt, die durch ein
asymmetrisches zweistufiges Anodisierungsverfahren hergestellt wurden. Der modifizierte
zweistufige Anodisierungsprozess fuhrte zu einer Komplexitdn Strukturen déremplates
und ermdglichte die Herstellung der hochentwickelten komplexen Nanostrukturen, die fir die
Einstellung der Benetzbarkeit und der Klebeeigenschaft nutzlich sein kénnen. Durch die
Modifizierung und die Steuerung des Anodisiggsprozesses wurden verschiedene Formen
von AAO-Templates(z. B. Himbeer, Bliutenr und verzweigte Formen) hergestellt, und es
wurden ihre entsprechenden PPFRanostrukturen gebildet. Mittels einer Rost
Polymerisationsmodifikation wurden die hierarchiselzweigten PPFPAlanostrukturen mit
Spiropyranamin modifiziert, was zu lichésponsiven Nanostrukturen fiihrte. Die A nderungen
der Benetzbarkeitseigenschaften bei -B&strahlung wurden mittels einer dynamischen
Kontaktwinkelmessung untersucht, wobei siigaifite A nderungen des Kontaktwinkels in
Abhéngigkeit von den Formen der Nanostrukturen und dem Vorhandensein eines externen

Stimulus festgestellt wurden.

Biokompatible und warmeempfindliche diinne nanostrukturierte Raly{ylcaprolactam)
Filme (PNVCL-Filme), die durch das Templatenterstiitzte 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 PIRi@e einen Farbstoff oder ein
Arzneimittel durch kréaftiges RUhren unter Standardbedingungen aufnahmen und bei
Erwarmung aufgrund der niedrigeren kritischen Lésungstemperatur (LCST) von PNVCL
erfolgreich freisetzten. Der Messbereich der LCST von PNVCL reichte von 35 bis 65 °C und
umfasste somit die durchschnittiche menschliche Koérpertemperatur (36 °C), welche die
erforderliche Temperatur fur Arzneimittelabgabesysteme ist. Die Fahigkeit der dinnen
nanostrukturierten PNVGEilme zur Aufnahme und Freisetzung von Farbstoffen oder
Arzneimitteln wurde mit eima dinnen nichstrukturierten PNVCLERIMm und einen
hochvernetzte diinnen PNVCLFilm verglichen. Dabei wurde festgestellt, daks diinne
nanostrukturierte PNVCIEiIm, der mit 15 Gew -% eines Vernetzers hergestellt wurde,
aufgrundseinergrof3en Flache undeinesEignungsgrades zur Vernetzung eine wesentlich
hohere Adsmption und Freisetzung von Farbstoff aufwies. AulRerdem wurden die
Wiederverwendbarkeit von dinnen nanostrukturierten PN¥@hen und die strukturellen
Veranderungen von Nanostrukturen auf der Oberflache vor und nach der Freisetzung von
Farbstoff untersudh wobei die Ergebnisse zeigten, dass die dinnen nanostrukturierten

PNVCL-Filme ohne strukturelle Schaden wiederverwendbar sind.

Block-ahnliche stimuliresponsive Nanostadbchen, die sowohl responsive als auch nicht
responsive Blocke enthielten, wurden irend Hohlraum von AAGTemplates unter
Verwendung verschiedener Ansétze hergestellt. Tempeedponsives Poli-
isopropylacrylamid) (PNIPAM) wurde als stimuksponsiver Block verwendet und Polystyrol
(PS) und PPFPA wurden als niglesponsiver Block verandet. 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 mehrerereBagmzfarbstoffen an
unterschiedlichen Stellen ihrer Oberflachen chemisch einstellbar sind und die die Herstellung
von multifunktionalisierten intelligenten Nanoobjekten erméglichten. Um auf beide Enden der
in den AAOTemplateggebildeten Nanodrahte zugiem zu kénnen, wurde die Sperrschicht
derTemplateentweder durch reaktives lonenatzen (RIE) oder durch NalRatzverfahren entfernt

und die Enden der Nanodrdhte wurden mittels Patymerisationsmodifikation mit zwei
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verschiedenen Fluoreszenzfarbstoffenngiseh modifiziert: NBDAmIn und Cresylviolett.
Mittels Fluoreszenzmikroskopie wurde gezeigt, dass die Enden der Nanodrahte selektiv mit

zwei verschiedenen Farbstoffen modifiziert werden kénnen.

Zusammenfassend lasst sich sagen, dass durch das Teuméttltzte
Replikationsverfahren mit verschiedenen funktionalen Vorstufen sti@spionsive oder
chemisch einstellbare Nanoobjekte und dinne nanostruktuféne hergestellt werden
konnten, dé ein grol3es 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 thesisa templateassisted 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 sespdnsive or
chemically tunable nanobjects (e.g. nanorods and nanowires) and nanostructured thin films.
Polymeric nanebbjects and nanostructured thin films corresponding to the dimensions of the
template pores are fabricated by infiltrating the templates withusapeecursors, followed by
an UV-initiated crosdinking and a selective removal of the template. The prepared polymeric
nancobjects and nanostructured thin films are investigated with regard to their responsiveness
to external stimuli and their chemicariability via postpolymerization modificationFour

different systems are studied and discussed in this thesis.

First, chemically tunable and hierarchically branched poly(pentafluorophenyl acrylate)
(PPFPA) nanostructures are prepared by nmuéinchedAAO templates, fabricated via an
asymmetric twestep anodization process. The modified 4step anodization process
introduces a complexity into the structures of templates and allows to produce the advanced
complex nanostructures which can be useful ttrobthe 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 ppstymerization modification, the hierarchically branched
PPFPA nanostructures are modified with spiropyaamne, resulting in lightesponsive
nanostructureslhe changes of wettability propertigsam UV lightirradiation are studied by

a dynamic contacdngle measurement, and significant changes of contact angle are detected,

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

Next, hocompatible and thermosensitive nanostructured pelyl caprolactamp(PNVCL)
thin films, fabricated by the templatessisted 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 trantsged PNVCL thin films
adsorb dyeor 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 65T @nt encompasses the average human body

temperature (36%C) which is a target temperaturedfag delivery systemd he capability of
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nanosructured PNVCL thin films to a&brb and release dye or drug is compared with a non
structured PNVCL thin film and a highly creésked PNVCL thin film, and the
nanostructured PNVCL thin film fabricated with 15 wt% of a ciogser shows superior
adsorption and release of dye due #oldrge area and the degree to which it is suitable for
crosslinking. 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 theesults show that the nanostructured PNVCL thin films are reusable

without structural damages.

In a third system, Ibck-like stimuli-responsivenanorodsontainingoothresponsive andort
responsiveblocks are fabricated in the cavity of AAO templatemgssarious approaches.
Temperature responsive poly(Nsopropylacrylamide) (PNIPAM) isapplied as a stimuli
responsive block, and polystyrene (PS) and PPFPA are used agsesponsive block. Two
blocks are bonded either physically or chemically, anddpegraphy of nanorods having two

blocks is observed by scanning electron microscopy (SEM).

Last but not leastdvanced nanowires which are chemically tunable with multiple fluorescent
dyes on the different sites of their surfaces are demonstrated alluehthe fabrication of
multi-functionalized smart narobjects. 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 nanowiresheenically modifiedvia postpolymerization
modification with two different fluorescent dyes: NEinine 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 templatessisted replication method with various functional precursors
fabricates stimuiresponsive or chemically tunable namigects and nanostructured thin films
which have a great potential to be used indpplications. The coepts presented in this thesis
are expected to contribute to the development of an effectiveibn@tic and drug delivery

system as a facile and effective fabrication method.



Introduction

1.l ntroducti on

1.1 Softmaterials nanofabrication

Novel and intriguing properties of orgimensional polymeric nanostructures attract great
atention The increasing number of publicatiofsmsed ononedimensional polymeric
nanosgructures shows the high demand and intenesharomaterial scienceln addition
numeroumanofabrication methathavebeen developed and variedpmepare the advanced
nanostructures and to meet the demands on time andincgeheralnanofabrication methods
can be divided into two mairategoriesii b o t-u ppdm a rddo wihtderally, the bottom
up means the nanostructures are built up from the smallest level such as atoms or molecules,
and topdown implies the nanostructures are obtainecebyoving the undesired parts of base

material.

Self-assemblyprocesseswvhich spontanealy organize the molecules into stable and well
defined structuresare generally refered to as the most used methsedor the bottorup
fabrication? By using ®lf-assembly the functbnality of surfaceand the arrangement of
molecules on the surfa@an bepreciselycontrolled.The conventional toplown fabrication
technique can beanolithography such as electrbaam, focuseibn-beam, and Xay or UV
lithography. However, theseanolithographymethods only can based todirecly patern
resist materials thaare placed orplanar and rigid substratdsAs an alternative to the
conventiona lithography, soft lithography is introduced and used to fabeimicro-sized
polymeric arrays for various application&n elastomeric polymerpolydimethylsiloxane
(PDMS), 5 generally used for the fabrication sd6ft lithographic molds, andltra-smal
featurescanbe replicateaasily® ® However, the size of featuréisatcan be fabricated by gof
lithography is limited due to the processing limitati@mdthe patterned structures soft
lithographic moldshaving high-aspectratio canirreversibly collapsalue tothe softness of
PDMS.

Templateassisted fabrication technique is a facile and efisttive methodwhich allows
the fabrication of higlaspectratio naneobjects. Furthermore, this method is widely accessible
and able to use the tdgttom fabrication techniques with nanoscale precisfohremplate
assisted fabrication can be conducted by raotding or insitu polymerization of polymers

into the pores of template andeither soft template such asselectively etchedli-block
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copolymef and supramolecular géfsor a hard template such as AA@? can be used.
Especially, porous AAO templates have been mostly used for the fabrichtianostructures

due to their large versatility angell-ordered homogeneous pordsAO templatesare also
thermally stable in the range of temperature whereptiigmerization process occurbn

addition, by a simple wetting process with polymer meltsadutions, various narobjects

such as nanorods, nanotubes, and nanowires with range from a few tens of nanometers to
micrometers can be preparddhe resultingpolymeric nanestructural arrays can have uniform
structures over a large area. The highlylesed nanestructural arrays were used for
optoelectronics, sensors, higansity data storage materials, and photovoltaic tellhe

details of porous AAO will be discussed in following chapters.

1.2 Porous AnodicAluminum Oxide (AAQO)

Aluminum is a materiahatis 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 loa@rrosion can stilbccur inharsh environmesbr with corrosive
chemical s. Il n 1857, Buff fir st ,whiochualrdinumhe phe
formedathick oxide layer byanelectrochemical oxidation reaction in an electrolytic,@id
the study was applied titve industrial applications in the early 1920s for the protection of
metds from corrosion and abrasioh.Since then, the anodization of metals including
aluminum has been widely used in various industries, andanodized products can b®ind

almost everywherm daily life.

Anodization

Barrier-type AAQ Porous-type AAO
Figure 1.Twodifferenttypes of AAQormed by barrieitype andooroustype anodzation.

7
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Two different types of AAO (i.e., nhonporous barrigpe AAO and porousype AAQO) can
be formed dependingn the condition of anodization.h& type of electrolytes playan
important role determininthe morology of AAOs® 1’ A nonporous barrietype AAO can
be produced in neutral electrolytes (pH )osuch a borate, oxalate, citrgterhile, a porous
type AAO can be produced in acidic electrolytes such as su#aidcoxalicacid, phosphoric
acid'®!°Particularly, the porout/pe AAO has received great attention because of its excellent
corrosion resistance and good adbediase for paints and dy€dn the 1970sporous AAO
was also used fanagnetic memories and recording devices; however, the storage density of
devices was low because ofperfect ordering of pore$:2° A breakthrough was made by
Masuda and cavorkers in the 1990s by reporting on setflered porous AAO fabricated by a

two-step aodization process (see Figunet216-2!

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

J. Oxide removal

4, Second anodization
— -

N
|
™

%"‘* “i

Figure 2 Schematic formation of AAO membranes following astep 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 welordered pores near to the oxdeiminum interface. lese 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 ordevees from the first anodization is
dissolved by wethemical etching to make the hexagonally ordered indentions appear on the
aluminum surface. In the following second anodization, hexagonallyonddired nanopores

are grown uniformlyfrom the orderedndentation of the aluminum surface

8
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In this thesis, several significant advantages of nanoporousrdelfed AAOs are presented
() the dimensions of AAO such as pore diameter, pore length, and interpore distances can be
easily tailored; (ii) the pattaing of polymer nanostructures is achievable in a-aelkered
fashion; (iii) identical dimensions of AAO lead to the production of polymer nanostructures
thatare highly monodisperse in size and shape; (iv) numerous polymers in solution or molten
statecan be infiltrated in AAOsfor 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 intensiveliedxpio
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

Theanodicgrowth of aluminum oxide can be explained byniability of cations and anions
within the anodic oxidat the aluminum/ aluminum oxide interfaces or the aluminum oxide/
electrolyte interfacedt is generally accepted that3* cations and ® or OH anions migrate
toward the aluminum oxide/ electrolyte interfaces and the aluminum/ aluminum oxide
interfaces, respectively, under high electric field (&)both interfaces, the anodic oxide is
formed by the following elementary reactions. The possildguging reactions at the

aluminum/ aluminum oxide interfaces:

Aly Al¥ o+ 36 1)

2A|3+(ox) + 302-(ox)Y Al 203 (2)
and at the aluminum oxide/ electrolyte interfaces:

2A|3+(ox) + 302-(ox)Y Al 203 (3)

Al203+ 6H aqy 2A1%*(ag + 3H0) (4)
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AP oY Al¥*ag (5)
207 (ox) + Oz(q) + 4€ (6)
2Hz20() + O (ox) + OH (0 + 3H'(ag) (7)

The formation of anodic oxidat the both interfaces is described by the corresponding
reactions 2 and,3and it is assumed that all oxide anionsegated from the dissolution of
Al>O3 at the oxide/ electrolyte interfaces reformp@d at the aluminum/ aluminum oxide
interfacesThe overall reaction at the aluminum oxide/ electrolyte interfaaase described

as.
Al2Oz+ NH00 Y 2A1%%ag + (31 ni X) O o)+ XOH o+ (2nT X) 3H'aq)  (8)

where,x indicates the ratio of ®and OHwhich has not been exactly determined yet, mnd

denotes the ratio of the amount of dissociated water au@ dissolution.

3+ 3+
Aligy — Aluq,

Al,O,

H0 « 05 + 2H(q)

| lon transfer

|

- High-field
J = JooXP(SE) 02 jonic conduction

A]31‘

(ox)

Al — Al + 3e
'Y

Metal oxidation

Al

Figure 3. Schematic diagrams showielgmentary interfacial reactions for (a) barrigype
and (b) porougype anodic oxideReprinted with permission from Réf. Copyright 2014

American Chemical Society.

As shownin Figure 3 aluminum cations and oxyg@&ontaining anions migrate through the
interfaces and form the anodic oxide by two chemical processt® (xidation of aluminum
at thealuminum/ aluminum oxide interfaces and (ii) the dissolution efOAhlt the oxide/

electrolyte interface.

10
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1.2.1.2 Pore Formation

Porous AAO can be fabricated under either potentiostatith (a constant potential) or
galvanostatic (with a constant current) condition. The potentiostatic anodization method is
commonly employed for the fabritan of AAO due to the linear relation betwedme
structural parameters of the fabricated AA@d the applied potential (3).The schematic
diagramin Figure 4 shows the kinetics of pore formation under (a) potentiostatic and (b)

galvanosatic conditions.
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L

Figure4. Schematic diagram of the kinetics of porous AAO growth in (a) potentiostatic and (b)

galvanostatic conditionsReprinted with permission from Réf.Copyright 2014 American

Chemical Society.

At the initial stagaunderpotentiostatic conditigna thin compact oxide layés formed over
the entire surface ofthe aluminum byapplyinga constant applied potential (U). Due to the
growth ofanoxide layerover time (t), the resistancd the anodization circuit increases and
as a resultthe current (j) of power supplyecreases rapidly and reaches the minimum value
(stage I). At this stage, the initiative points where theep can be developésigenerated on
the oxide layedue toeither the local imperfections (e.g., impurity, defects, pits, etc.) existing
on the initial oxide layeor the local cracking of the initial oxide layer generated by tensile
stress. The pores start be formed on the initiative points and the currenj @radually

increases to a maximudue to the diffusion of electrolyte (stage Il). The pores keep growing
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and the current (j) becomes stable (stage Ill). Subsequently, the current (j) reaches a steady
value and the pores are @éoped in a welbrdered aiy by the internal stresséstage 1V)

Galvanostatic anodization undergoes a similar progression from stage | to stage IV, while a
constant current is applied. Under galvanostatic conditions, the oxide growth rate is
proportional to the applied currenemsity (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 oxigeAt the end of stage Il, 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 majer @it initiation of the
growth.

1.2.1.3 Mild Anodization

(2 YexiUred AL (c)  2nd anodization

Al

(i) f 1st anodization

T ff
iRik

(ii) #’oxnde removal

it

(iii)‘an anodization
/\ N ( (
J U 1 \l ﬂ

Figure 5. (Left) Schematic diagram of a conventional-stgp mild anodization process for

o <Ay 3
;.~ vm a8 lw

-.‘.‘.’.‘" Sat 0"-" -

S
o\

selfordered porous AAO (Right) Representative surface SEM images of the respective
samples are showin panels (a), (b), and (cjespectively. (d) A coloreBEM image of AAO
formed by twestepanodization using oxalic acid, showing a pdigmain structureReprinted

with permission from Ref? Copyright 2014 American Chemical Society.
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Since Masuda and Fu#ta demonstrated the fabrication of smifiered 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 AAG! Today, porous AAO isconventionay f abr i cat estepby th
anodi zationo process d#@veloped by Masuda and

The first anodization is typically caed out for more than 24to provide sufficient time for
the pores to selbrder, 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 press, as shown iRigure 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 concavegork & the seeds of growtfor 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-orderedcylindrical poresParticularly, the twestep 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 ood@ongs:
(i) sulfuric acid (0.3M HSQy) at the anodizing potential (U) = 25V, 1 ~ 8%C,; (ii) oxalic acid
(0.3M HxC204) at U = 40V, 1 ~ 8%C; and (iii) phosphoric acid (1.0wt%Rd,) at U = 195V,
< 1.4<.
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1.2.2 Structure of AAO

Porous AAO has clospacked arrays of hexagonally ordeostindrical poressurrounded by
a thin oxide barrier layer with a hemispherical morphology akon. The structure of porous
AAO can be defined with several parameters such as pore diamgtem(Brpore distance
(Dint), pore wall thicknessj, and barrier layer thickness)(tAs shownn Figure 6 the porous

AAO has the hexagonally ordered pores antbsed barrier layer.

Porous layer

Aluminum

Barrier layer

Figure 6. Schematic structure of porous anodic aluminum ¥4©).

One of the greadvantageof porousAAO is that hestructures ofthe nanporesareeasily
tunableby controlling the anodization conditiariBhe features such as anodization time, types
or concentrations of electrolytes, and temperature play great roles for the formation of pores.
The anodization timeontrolsthe depth of poresvhich is proportionally growmith thetotal

charge, and the pgs of electrolytes determine the diameter of p@®showrin Figure 7

Figure 7 a and c show the@op and side view of porous AAO anodized in oxalic agi@d.3M,
~5C)and 7 b and 7 d show a porous AAO anodized in phosphoric acid (1.0wt%, ~0.5 ).
The use of oxalic acid results in smaller and narrower pores than for phosphoric acid, and the
diameters of pores are30 nmand ~180nm, respectively. Since oxalic acid condition leads to
smaller pores, the aspect ratio of pores between diameter arfditergases rapidly for these

pores than for those anodized in phosphoric acid.
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Figure 7. SEM images of porous AAOs anedim phosphoric acid electrolyte (a and b) and
in oxalic acid electrolyte (c and d): (a) top view and (b) side view SEM imagéganodized
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 Setup

The experimental setp used for the fabrication of AAO templates iswh in Fgure 8 It
consiss of a copper plate, a PVEell for holding Al chips and electrolytes, anangtal lid
containing a stirrer and a woven Pt wire fidte complete cell is placed oncaoling plate
which is connected tan external cooling pump. Two to six aluminum chips (diameter: 2cm)
are placed between the copper plate and the PVOndetth is thertighteredwith screws. A
rubber Qring is used for the complete sealing to prevent the leakage of electidtgiethe
electrolyte is poured into the PVC cell, the lid is covetedtir the electrolyte continuously
and the electrolyte is cooled dowrthe requiredemperature for anodizatioBoth the copper
plateand the woven Pt wire nate connected tthe anode anche cathode opower supply
respectivelyfor anodization proces®ependingon 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 setip for the fabrication of AAO: (a) overall sap; (b) the components
in one cell; (c) Piwires as cathode; (d) PVC cell to hold an electrolyte and Al chip that is

anodized.

Figure 8showstheexactsetup and the individuatomponentsin general, the saip consists
of two electrodsthatareconnected tohe power supply and the cell containing the aluminum
chips andheelectrolyte. A selHdesigned computer program is used to control the conditions
of anodization such as adization tine and voltages. e current anthe applied voltage are
recorded in an Excel file. The cells are continuously cooled down by cooling water circulating
theplates andy vigorous stirring.The present saip can producenultiple numbers of AAO

templates up to 16 templatekat once anavith 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-avééired pore structurelgrge
surface area, and controllable dimensions of pores and surface chemistry are masiiraason
AAO templates havéeen used foenormous number of applicatioh$>?*In addition, the
templating method provides asteffective alternative toonventonal lithographic techniques
which require sophisticated and expensive equipmenai@nderytime-consuming

AAO templates having the highly ordered pore arrays have been used as-defirapg

mold for the fabrication of various nanostructured matesuch as nanorods, nanowires, and
nanotubes, anthanydifferent materials such ametalg®, polymerg%28 nanoparticles, and

inorganic semiconductoi$have been appliedn relative termsthe templating method has

little restriction to the materialhatcan be used, therefore, various nagects with different

materialdn a welldefinedstructurecan be fabricateds requiredSince, Martin and coworkers
first introduced t he 3t mamcresgatches suabivendarifiy2at e sy
Steinhart**5 Russefi®3’ andseveral others hawtudied and developed the tewmel synthesis

method. The most oftemsed methods for an infiltration of materials into AAO templates are
chemical vapor depositioejectrochemical depositid) sotgel depositiof?, and wetting of

precursors of polymers.

In generalnanostructured polymeric materials can be obtained by infiltration of a polymer
me | t or sol it @mol b me riii naSteintoart and €Eowogkersmo n 0 m
describedhe template synthesis method with polymer sftsolutions of polystyrene dn
polytetrafluoroethylene using AAO templates and found that the different wetting phenomena
werecausedy the respectiveconditions of infiltrated materiaf®. The wetting isachievedoy
the difference of surface energies between the infiltrated materials and the oxide ciuttiace
pores.Commonly, the pore surface of AAO templates has high surface energies, whereas the
surface energy gfolymer melts or solutionareone order of magnitude lowét; therefore,
polymer melts orsolutions havinga low viscosity tend to spread on the pore surfaces to
minimize the interfacial energy. Fdhis reaon, polymer nanotubes can be obtained by
controlling the conditions dheinfiltrated materialsThe tubular structures formed by wetfin
the pore surfaces can be used as a nanoch#mietan be developethto sensor¥ or

separating filterS4 The applicability of nanochanmsghcreases 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 transitgonperature, the melts cannot form a
fluid melt film; however, the melts tend to wet the pore surfaces betagstill havea low
surface energy. Therefore, the melts are infiltrated into the pores, and the melts are not only
wetting the surfaces, busa filling the whole poreslhiscauseshe formation ogolid nanorod
or nanowiravhose shape isnlikethat ofnanotubs. In addition, the polymer molecular weight
plays animport rolefor the wetting transition temperature. Zang and coworkers observed a
transition pointwhere the wetting is completed by increadingtemperature, and the results
showed that the wetting transition temperature wegendenbon the polymer molecular

weights®®

Solution wetting infiltration is one ofhe mostfrequentlyused methosito prepargolymer
nanostructure The AAO templates can be immersed in the polymer solutions and the pores
of AAO can be completely or partially filledlependingpn the concentratioof the solutions.

This method cabe a great alternative fpolymers having high glass transition temperature.
Wendorff and coworkermdescribedhe solution wetting infiltratioandtheyfounda correlation

between the polymer molecular weights andrtfoephology of theesultingnanostructure®®

The infiltration methodcan be classified as shown iig&re 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 -seleat
problems, and solution wetting is suggested to obtain nanotubes because the wall thickness of
nanotubes can be controlled by the solvent concentration or by thty aqpighe 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 syaduoed

infiltration, can be used to fabricate nanofibers aomhg nanoparticles.

18



Introduction

Precursor film infiltration

Methods Melts (Complete wetting regime)
based on
wetting Capillarity

phenomena Solutions (Partial wetting regime)
Infiltration
methods
Based on vacuum Suction
Methods : x X
based on Rotational Vacumm in

> Closed-end pores
applied forces

Imprint

Figure 9. Summary of infiltration methods for the h#echplating methods. Reproduced with
permission from RéP, Copyright 2012, Elsevier Ltd.

As an alternative methddr the preparation ofersatilepolymeric nanostructuresn fin-
Si tuodo poliytmemrmnocadties a AAO templates can be conduddgdusing a
polymerization techniqyezariousmonomers can be directly polynmed inthe confined space.
For instance, Mijangos and coworkers demonstrated the free radical polymerization of styrene
and methyl methacrylate theconfinemenbf AAO templates®#’ A small amount ofthermal
initiator, 2,Z-azobis(isobutyronitril§ (AIBN), wasadded to styrene and methyl methacrylate
and the solutions were casted on tophefAAO templates. The infiltrated monomer solutions
with the initiatorwere then polymerized for a set of different temperatures and timlesth
casesafter insitu polymerizationpolymers havinga lower molecular weight and lower

dispersitywere obtainedascompared to polymers synthesized in bulk.

Nano
confinement Bulk
s P, TP’ —>
Limads| % ¥
3 = 4 AR
}
W
TSR

Time{min)

Figure 10. Scheme showing difference in reaction kinetics of methyl methacrylate
polymerized in bk and in naneconfinement (60 nm) at 60 opyright 2017 American

Chemical Society.
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This phenomenoran be explained by confinement effeahd a catalytic effect which is
causedby native surfacebounded hydroxyl groups on the pore wé&flThe catalytic effect
occurs duringhein-situ polymerization process ananaconfined systenandthis catalytic
effectinduces an increased eadf initiator decompositionlhe fast initiator decomposition
leads to an increased rate ofypoerization in the initial stags of polymerizationin addition,
the movement of two rackls generated from the initiator decompositis restrictecunder
naneconfinementas shown in igure 1Q and it causes highé&grminationrates,unlike bulk

polymerizatior:®>*° As a result, lower moleculareight polymers having low dispersity are
obtained.

Via in-situ polymerization, copolymers also can fi#ymerized insidehe pores of AAO
templatesCui and coworkerseported orthe fabrication of polyy-isopropylacrylamidekxo-

(N, Mhéthylenebisacrylamde) (PNIPAM-co-MBAA) nanotubes via surfaemitiated atom
transfer radical polymerization using the commercial AAO tempfaf&sBy this direct
graftingfrom synthesis methogdscopolymer nanotubes were produced, and the wall
thicknesses of the nanotubes wastrolled by the concentration tife monomer solutions, as

shown in kgure 11.

—‘ H [T 1. Silanization j t
3 1
2. Reaction with initiator F )j( /
F AP AT
LJ » F . - = a

AAD AAD modified with initiator

Polymerization at low .
- |

maonomer concentration " ( . .
L Polymerization at high

| monomer concentration

t --...{ I|
v
Dissolve template l Dissolve template
Manotubes with thinner . .
) Manotubes with thicker
wall thickness ;
wall thickness

Figure 11 Schematic illustration in fabricating PNIPAM-MBAA nanotubes with different
wall thicknesses in porous AAO membrah@opyright 2006American Chemical Society.
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The polymerized nanopillars can be released from the temdgtetching of thesacrificial
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 polymeritenads 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 nanoPidas capillary forces during the
etching and drying process¥s® While the wetchemial etching process of the templates is
conducted, the nanopillars aireevitably broughtinto contact with aqueous solutions, and

capillary forces exert a great influence upon ther&d collapse of nanopillars.

/[V/I\

Figure 12. Schematic illustrations a@ivo pillars partially immersed in a liquidReproduced

with permission from Ret’, Copyright 2009American Chemical Society

The capillary interaction energy @\of two pillars, when the pillars are partiallpymersed
inaliquidwiths ur f a c e aadweeontartyang(é og)dan be described as:

@ Y HEH T—— (9)

where,a rj”m 1 is thecapillary length of the liquid jis the density and ¢ the
gravitational acceleratigmndtheradius of nanopillaréR), the interpore distance betwe®rot

pillars (iguel>s hown in F

Accordingly, the capillary forc€Fc) between the two pillars can be written as:

The capillary force increaseroportionaly to the surface tension of the liquid and the contact

angle at the liquid/pillar interfaces; therefore, the liquitich comes into contact witthe
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nanopillars playsnimportant rolein the capillary forceTo reduce the capillary forces and
prevent the lateral collapsaf the pillars,solvents havinga low-surface tension such as
methanol or isopropyl alcohol can be used or the supercritical freeze drying tectamdue c
applied>®>° Espedcally, the freeze drying method preveithe high-aspectratio nanopillars

from collapsingafter rinsing.The procedure of freezstrying is extraordinarilysimple. After
washing the nanopillars released from the AAO templates with water, theangiles
containing the nanopillars are connected witha freezedrying machine and the water
surrourding the nanopillars is sublimed. Due to the sublimation, the nanopillars can keep their
initial shapes withoubeing exposed tthe influence othe capillary force causedy liquid

between the pillars.

Figure 13shows the frestanding nanopillars without and with freeding treatment, and
one can seelearly that the nanopillars presertheir shapes without collapsiadter freeze

drying process

Figure 13. Freestanding polymeric nanopillars without freeze dryimgand afterthefreeze

drying process (b) (scale bar: 1 &em).

AFM images of nanopillaralso prove that the nanopillars standnost ofthe area without
undergoing aritical collapse, unlike the nanopillars affectedthgcapillary forceduring the

drying step.
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Figure 14. AFM images ofree-standingpolymeric nanopillars: topology af small area (a)

anda large area (b)and thephase images afhesmall area (c) andhelarge 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 receivegreat interest® A large varietyof stimuli-responsive polymers with
well-controlled composition andifterent stimuliresponsibleneskas been synthesized and
widely investigatedThechanges of structure and property at the macromolecular level can be
mainly caused byhysical, chemicalpr biological stimuli (Figure 15°* Stimuli-responsive
polymers undergo dramatic changes with external stimuli such as physical stimuli (e.g.
temperature, lightmagnetic, and electricityetc.), chemical stimuli (e.g. phbnic strength,
and solvent, etg, and biological stimuli (e.g. enzymesd receptors, edc.These stimuh
responsive polymers can be potentially applied in mapyplicatiors; for instance
biocompatible stimuiresponsive polymers are useful in drug delivery anehbpjalication§?

64 andtemperature or light responsive polymers cantilized as sensors and actuators, and
surface grafted stimuliesponsive polymers can be used to control the interface wett&bility.
Stimuli-responsive polymers can be classified depgndn material states, number of
responsibility, and stimuli. Further discussion on the stimadponsive polymers will be based

on the type of stimulitemperature, lightand pH) thaare mostly applied in previous studies.
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Figure 15. Classification of stimuli otimuliresponsive polymer&eproduced with

permission from Ref!, Copyright 2012BioMed Central Ltd.
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1.4.1 Temperature responsive polymers

Thermasensitive polymers as one of representative stineglponsive polymers have been
intensively studied. The main feature fothermosensitive polymers is a critical solution
temperaturewhich is a temperature where timeraction between the polyme chains and
the aqueousnedia rapidly changes.e®w or above this point, the intrand intermolecular
interactionssuch as electrostatic and hydrophobic interactions are adjusted and the polymeric
chains are collapsed or expanded. This point is callledver critical solution temperature
(LCST) andan upper critical solution temperatu(eCST). Thermasensitive polymers
featuring LCST become miscible and immiscible below and@bdéLCST, respectively, and
UCST polymers exhibit the opposite behavithrat the polymers are immiscible and miscible
below and above of UCST, respectivelg shown irFigure 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.

T T
two-phase single-phase
region region
UCST ——
LCST T
N
N
single-phase two-phase \
region region -3
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,

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

enthalpy interaction between polymer and sol¥éftin such a case, the mixing entropy still

can outbalance ¢éhunfavorable enthalpy and mattee polymer miscible with solvent. For
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instance, a very small amount of polymer can be dissolved in a large aofi@ahtent and

keep the single phase at the thermodynamic equilibrium.

Unconventionally, LCST phase separation is driven by unfavorable entropy of mxiiaty
originatesfrom a strong polar interaction or hydrogen bonding betvpedymer and aqueous
sdution.®¥ "1 Below LCST, the water moleculésrm hydrogen bondwith the amide group
in thepolymer andorm the solvation shell around polymer. Due to the hydrogen bonding, the
entropy of water becomes unfavorable but the mixing enthalpy becawveslile which
makes the systemonao-phasic In contrast above LCSTthe water moleculeshatform 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 zaagose

occurs and the transparent homogeneous solbgoomes cloudy inhomogeneous solution.

Numeroud CST-type polymers exhibiiphase separation upon heating in aqueous solution
Prominent examples of LCS/pe polymers are poliisopropylacrylamide) (PNIPAM),
poly(N,N-diethylacrylamide) (PDEAM), q@y(N-vinylcaprolactam) (PVCL), andpoly(2-
isopropyt2-oxazoline) (PIOZ)? Figure 17illustrates 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 Thermoeresoonsive LCSType polymers: (a) polydsopropylacrylamide)
(PNIPAM), (b) poly(N,Ndiethylacrylamide) (PDEAM), (c) poly{®opropyt2-oxazoline)
(P102), and (d) poly(Ninylcaprolactam) (RIVCL).

PNIPAM, a weltknown temperatureesponsive polymehas a sharp transiti@at 32Cupon
heating”® However,in a few casesa LCST hysteresisupon heating and coolingan be
observeddepending orthe heating and cooling ratethe viscosity and a formation of intra
and inte-molecular hydrogen bonds during phase separétibigure18 showsan example of
LCST hysteresis curves BNIPAM. A PNIPAM solution in water was heated and cooled with
a slow rate (0.1 € mif) aftertemperature stabilizatioBy increasinghetemperature above
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LCST, theintra- and interchain hydrogen bondsrm between Nkgroups and C=0O groups
while PNIPAM undergoes the structural transition frantoiled to a globulastructure’® At

the initial stageof cooling, these intraand interchain hydrogen bonds cannot be completely
disassembledand thiscauses theCST hysteresis, as shown ingtire 18
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Figure 18 LCST curves of PNIPAM upon heating ambling. Reproduced with permission
from Ref.”4 Copyright 2008, Society of Chemical Industry.

PVCL, a water soluble temperaturesponsive polymer, featwa low toxicity. In case of
PVCL, the nitrogen in a cyclic amide is directly attached to the polymer backbone; therefore,
the amide byproducts are not generated upon hydroly§lss feature makes PVCas an
attractive candidate material for the various-&pplications’d 7

These LCST of polymersis dependent on the molecular weight (MW) and solution
concentration; for exampléje increase of MW causes a shift of LCST to lower values, and
the addition of salts or surfactadecrease or increase the LCSiedo the disruption in the

polymerwater interactiof® €81 These tunable propertiean be used to contrtiie LCST.

Temperaturgesponsive polymers featuring UCST, on the other hand, show different
behaviors upon the change of temperature. Upon cooling, the mixingpgrdecreases
gradually and the unfavorable enthalpy which causes the phase separation increases; therefore,
the solutionbecomes turbid below UCST watterionic polymers containing positively and
negatively charged moieties in trepeatingunits have benmainly studied as the UCST type
polymersin water®? Due to the charges ofpeating ung, astrong intermolecular attraction is
generated and resulted in the UCST behald@STthermaresponsive 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 photochrommoietieswhich undergo a reversible or
irreversible structure isomerization upon light irradiatiom apecific wavelength. Upon the
light irradiation,the structure of photochromic moietiglsangesandthis structural changes
usually accompanied by ahgeof color, polarity, and solubility adhepolymer. The transin
is rapid and sharp; thereforthe reactivity of light-responsive polymersan be precisely
controlled by regulating the irradiation time afhatation Due to thisadvantage, light
responsive polymers have bewndely applied incontrolled drug delivery systesrand
reversible wettability 2838

Light-responsive polymers can be either reversible with structural change or irrewsigible
chemical bond breakagé&specially, he reversike lightresponsive polymers have been
intensivelystudiedduring the last decadé&zobenzene, spiropyran, dithienylethene, &Rd
salicylidenaniline, are welknown photeinduced structurgsomerization unitswhich have

beenthoroughlystudiedandwhosechemicalstructures are shown Fgure 19 838889

Azobenzene is onaype of photochromi moleculeswhich has a reversible photo
isomerizatiorfrom transto cisor cisto transupon U\ or visible light irradiationrespectivel
(see Fgure 19(a)).°%3 By the irradiation, the molecular structuré azobenzeais rapidly
alteredwithin picosecondsandthe wettability of surface covered by azobenzsradso rapidly
changed. The wettabilityan be reversibly switched by change of the iated wave length.
For insance, Lim and coworkers used(frifluoromethoxyphenylazo)phenoxp@ntanoic acid
as a photoswitch and successfully fabricatech naneporous organignorganic hybrid
multilayer film thatis reversibly switchable betwe@superhydrophobic and superhydrophilic
stateupon light irradiation Another groupdevelopeda maderial that features aeversible
adhesion by combining azaimene with sugar alcohol derivativé$:®* Besides that, an
azobenzenéunctionalized amphiphilic dendritic polymer (polyethylenimirsteric ester
azobenzene) wakeveloped aphotoswitchable nanaarriess, andit showed the potential that

azobenzene can contributethe development of biapplications®

Photochromic spiropyrans can be reversibly switdiettveen a closed spiropyréorm and
an open merocyanine form uplight irradiation as shown inigure19 (b).8%°8 191 This phote
switchingis accompanied by rotable color change whigiroves the transition of formand

it is accepted in general as the most recognized feature of-phdthes.In addition,
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spiropyranexhibitsa large change iits dipolemoment which affects the surfaefeee energy

during the transition; thereforg,can be used for a switching tbfe wettability
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Figure 19. Lightresponsive polymers with reversible photochromic moieties: (a) azobenzene

(b) spiropyran,(c) N-salicylideraniline,and (d)dithienylethene

Locklin and coworkers faicated photochromic spiropyran polymer brushegich can
reversibly control the wetting property of surfad® exposure to light. The phetoduced
isomerization between the spiropyran form and the merocyaome ¢aused a reversible
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change of the contact angle up to 159 and the change of contact angle was enhanced up to 35°
by adding the metal iorf8.Theato and coworker investigated and describedopgwitchable

surfaces based on polysilsesquioxanes and compared the Nigttabi azobenzene,
salicylideraniline, and spiropyraimmobilized surface®’ The maximum change of contact

angle of a spiropyraimmobilized surface reached almost 30°and the change of wettability
was svitchable multiple times upon UNght and visible light irradiation. Spiropgn was also

used for the formation of micelleg/hich canbe potentiallyused asa drug carrier. By the
synthesisof spiropyrarcontaining blockcopolymers, a photoesponsive nanocarrier can be
produced and an encapsulated drug within theocarrier canbe released by U\ight
irradiation1% In addition, spiropyran is added to printing inks and is also used for daily

products, such as-3hirts and toy$%

1.5 PostPolymerization Modification

Controlling tre synthesis process of functional polymers to obtain a defined molecular weight,
composition, and architecture is still a great challeRgethe synthesis of functional polymers,
a protected monomer can be uskdwever,an additional deprotection step mandatorily
requiredand the deprotectioprocesss in general not completeperformed Therefore, it is

preferable to directly polymerizee monomers bearing functional groups.

Postpolymerization modification is an attractive alternative methodroff) the possibility
to overcome the problems associated with conventional polymerization techniques (e.g.,
additional deprotection step, high temperature, and use of organic solvent$*&tPost
polymerization modificationalso 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 matefials? Although the applicability of
postpolymerization modification was provetine 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 chaelective coupling reactions
allowed the enormous growthin the use and adaptability of pgmtlymerization
modification'®® The representative controlled radical polymerization methods are- atom
transfer radical polymerization (ATRP), nitroxideediated polymerization (NMP), and

revesible additiorfragmentation chain transfer (RAF1?? 111 As common coupling reactions,
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coppercatalyzed azide/alkyne cycloaddition (CuAAC), theslefyne addition,activated

esters, and many others, which are generally referred to click reactions, have been intensivel
appliedt2116

In contrasto the traditional living polymerization, the controlled radical polymerization has
the advantage of providing higher tolerance towards functional moieties ahohaintaining
their functionaliy during the synthesis proce'$8117118n addition,the postpolymerization
modification methodhas a number of advantagese of them beinghat the libraries of
chemical reactions and monomémnatcan be applied in this method ar@iousandanother
one being thathe method can be applied anariety of surfaces and interfaces which can be
limited when usingconventional direct polymerization.

)
v-seia 9 uoe

Figure 2Q Classifications of pogbolymerizatiormodification method$eproduced with
permission from Ret% Copyright 2013Viley-VCH Verlag GmbH & Co. KGaA.
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As shown in kgure 2Q the range of chemical reactiortiat can be used for post
polymerization modification is extremely brodtishows the rapid and great development of
postpolymerization modification methods and pha&ential that the methods can be expanded
in thefuture. Active researcbn the development of new methods and applications wgh po

polymerization modification is continuously conducted

1.5.1 PostPolymerization Modification via Activated Esters

Activatedesterdelong toone ofseverarepresentative groupisatare able to covalently link
with amines and result in stable amide bonds via-poltmerization modification. Since
Ringsdorf and Ferruti reportg@alymers bearingcivatedester groups in 1973activated esters
have been intensively studied and applied in a breage ofapplicatiors over the past
decadeg!9120
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Figure 21 Activatedester monomers: (a)-Nydroxy succinimide acrylate (NHSA), (b) endo
N-hydroxy5-norbornene2,3-dicarboxyimidacrylate (NorbNHSA), (c) pentaftaphenyl
acrylate (PFPA) and pentafluorophenyl methacrylate (PFPMA), and (d)-&jdtBorophenyl
acrylate (TCP)

Some of the most frequently used walited activatedester monomershat have been
deployed for the postpolymerization modification are shown iRigure 21 N-hydroxy
succinimide acrylate (NHSA) (also callddacryloxysuccinimide oN-succinimidyl acriate),
endoN-hydroxy-5-norbornene2,3-dicarboxyimidacrylate NoroNHSA), pentaflorophenyl
acrylate (PFPA), and pentafluorophenyl methacrylate (PFPMA), and-téghlrophenyl
acrylate (TCPy§9104121125 NHSA has been used comprehensively as a macromolecular
precursor ér synthesis and polymerized to pdyllydroxy succinimide acrylate) (PNHSA)
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which can react with amines and produce functionalized polyacrylantidevever, PNHSA
hasa limited solubility in only a few organic solvesjttherefore, to improve the solubjliof

activatedester polymers, either copolymerizationtloe use of alternative activated esveas

chosen'?®

As areplacementor the NHSA group, TCP, NorbNHSA, and PFP ester groogge been
studied andespeciallythe PFP estr group shows great advantagesly(pentaflorophenyl
acrylate) (PPFPA) and poly(pentafluorophenyl methacrylate) (PPFPMA) draggcellent
solubility in general organic solventand the conversion with amines is generally quantitative
without side reactions. In addition, the conversion reactions can be monitoredihyfifr
NMR spectroscopy. One ¢iie greatest advantagg PFP ester groujs thatthe conversion
occurs under mild conditions without a talecatalyst at r.tDue to their noticeable advantages,
activated ester polymers have béeoadlyapplied broadly in polymer chemistry and material

science.

1.5.2 The Use of PogPolymerization Modifi cation on NancObjects

1.5.2.1 Reactive Polymeric Nanorods

Polymeric nanebbjectsin 2D or 3D structures have been intensiveydiedand usedfor
various application&"3°1n addition, the fabrication methods have been improved and varied
to meetthe individual requirement©ne ofthe most commonly used methodsa templating
methoddeployingAAO templates31132Vvarious organic materials can be infiltrated into the
pores of AAO templateby wetting othedesired materials dry precursors in melt or solutio
states. Due to the advantagfeghe AAO templates that the pore dimensman be easily tuned,
the size and structures oie correspondingoolymeric naneobjects can be varied by
controlling the conditions afhe AAO templates. Various researchers have comprehensively

investigated the template wetting method for the fabrication of functionatatgjaots*-133
135

In particular, Theato and coworkers introduced a new route for the fabrication of stimuli
responsive nanorods by combining of the template wegitgique with pospolymerization
modification3® A highly concentrated activated ester monomer solutions with-tinéss and

initiator were dropcasted onto the AAO templates and cylrsised by either UV light or heat,
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depending on the pe of initiator. Three kinds of activated ester monomers, namely PFPA,
PFPMA, and pentafluorophenyhvinyl 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 resultindickess
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 unfavdoathe
postpolymerization modification was observed when the etching of the AAO templates was
conducted under basic conditions; therefore, phosphoric acid wa®ugether modification

The released bundles of activated ester nanorods were madgiiteidopropylamine via post
polymerization modification, and afterwards the temperatesponsive 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 watbigiwwere 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 nisation.

A

\H’@

agent

H,N—R'
— —

Figure 22. Schematic diagm of the template wetting method for the fabrication of reactive
nanorods and their pogtolymerization modification.é&produced with permission from R&j.

Copyright 211 Royal Society of Chemistry.
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1.5.2.2 Functionalized Nanoparticles

Nanoparticles are one ttie most studied nanostructure due to their accessible surface and
the applicability in biological systemBlanoparticles have been intenswstudiedfor ther

usageas nanocarriar and he nanocarriershave been improvedo give aneasily tunable
architecture. Mtallic nanoparticles can be tailored withlymer brushes through either a
Agraftiafigrtaaddi ag fromd appr oac hprovidgesiabbustt s c o v
attachment between the nanoparticle and the
too met hod, the desired pol ymer brushes c a
nanoparticles, and the different chemical functionalitiesich areable to be chemically

modified, can be applied.

._S":.:,Hu'cl- Br
f THFH 0 THFH,O OMIF
F: o PRMOETA PMOETA sparbaine
L'.I'r Culr CuBr Cullr

Au-2

D—\;._“- #::::-J.’—F -
— PHIpARMEAUNP
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Au-s F F PMMAGAUNP
PECEAUNP

Figure 23. Schematic images afgrafting-from polymerization of NIPAM, CYPAM, and MMA
from AuNPs stabilized with bis{ydroxyhexyl) disulfide bis{Bromoisobutyl) estera
grafting-onto polymerization odmino enefunctionalized PEO onto AuNPs stabilized with
bis(5-carboxypentyl) disulfide bis(pentafluorophenyl) esieprinted with permission from
Ref.13€ Copyright 2008 American Chemistry Society.

As one example to be discussed hefdeato and coworkers fabricatechemically
functionalized gold nanoparticles (AuNPs), and the prepared AuNPs were modified with amine
via a postpolymerization modification methdd® AuNPs were synthesized in an organic
solvent (ethyl acetate and water) by a{pl@ase reduction method using disulfide and ester as

stabilizing ligand$3’ Due to the disuse of the phase transfer agent for the preparation of AUNPs,
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the AuNPs could be mildly reduced and the ligands could be grafted onto the surface of the
AUNPs, resultig in a functionality suitable for the pegblymerization modification. Thus, for
instance, the AuNPs using bis¢arboxypentyl) disulfide bis(pentafluorophenyl) ester resulted

in the pentafluorophenyl estefignctionalized AuNPs which were able to be nfiedi with

amine Amino endfunctionalized poly(ethylene oxide) (PEOWI = 550g/mol) could be
successfully grafted onto the pentafluorophenyl edterstionalized AuNPs. Since the grafted
PEO is hydrophilic, the AuNPs completely transfer from the orgalmase to the water phase,

and the transformation can be observed with the naked eyes. In the same manner, by employing
bis(6-hydroxyhexyl) disulfide bisEromoisobutyl) ester, the resulting AUNPs allow a surface
initiated atom transfer radical polymerizat (ATRP) of methyl methacrylate (MMA)\-
isopropylacrylamide (NIPAM), andN-cycloproylacrylamide (CYPAM) on the surface of
nanoparticles. The resulting stimuéisponsive polymer gold hybrids exhibited the plasmonic
band of the gold core and the LCST peaty of the grafted polymer shell.

1.5.2.3 Functionalized Electrospun Polymer Fibers

Electrospinningis a weltknown technique for the preparation of the multifimeal
polymeric nanofiber$®® By applying a high voltage between the syringe containing the
polymer solution ad the conductive collectopolymeric nanofibers can be collected on the
surface othecollector. The spinning condition and the polymer concentraaose variations
in theresultsregardinghe morphology and the mechanical properties of polymeric fibers. The
synthetic methodology has beeieveloped and/aried to meet the demands for various
applications. Especially, theudace modification of nanofiberby graftingor intefacial
polymerization hagainedgreat attention due tads applicability and controllabilityon the
surface The surface modification can be conducted with different techniguek as surface

coating and grafting.

Theato and coworkeperformeda thiolene pospolymerization modification on elegcispun
polybutadiene fibers>® In general, polymers having a higher glass transition temperatyre (T
thanr.t. are readily solidified during the spinning process. In contrast, rubbery polysuehs
as butadiene rubhewhich hasalow Tg typically below 0%C donot form stable fibersunder
ambientconditionsandthere is thgossibility that the fibers are cherally modified. In that

manner, a solution of polybutadiene rubber containing dnolssr and photanitiator in a
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THF/DMF mixture was electrospun into a methasalution containing 1% sodium chloride
underin situ UV light irradiation. The resulting pobutadiene rubber fibers were chemically
modified with 2mercaptoethanol or thioglycolic acid after the complete purification of the
resulting fibersThe carbon double bonds contained in the fibers reacted witkhgtimopsvia
athiol-ene click reactionandthis 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 fihaos0° (modified fibers).
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2.Scope ands Objective

The aim of this thesis is to fabricate various stirmgisponsive and chemically tunable nano
objects and nanostructured thin films by the tempdatasted replication method ugin
nanoporous AAO templates feurface engineering aridr adrug deliverysystem.The main
task is to develop a novel method for the fabrication of various shapasastructures and to
providethesenanostructurewith advanced functionalitiesuch as stimuliesponsiveness or
chemicalmodifiability. As shown in the introdttion, the templatassisted replication method

is highly advantageous for the fabrication of weltlered functional narobjects.

A modification oftheanodization method should performed in ordeto vary the shapes of
templates ando produce theirvarious replicated nanostructuresnd a proper infiltration
method should be chosen to successfully prepare the nanostructuresamehtohundergo
further modification For an effective infiltration, various methodssuch as sphtoating,
dipping, andavacuumassisted method should be applied and comparedhanboice ofthe
propersolvent for a precursor solution shoulddoasiderd. Consequently, the nanostructures
should be releasd from the AAO templates byhe wet etching method withoutausing
structural damageThe postpolymerization modification should result in a change of
functionality of the nanostructureso thatthe modified nanostructures redotan external

stimulus.

Stimuli-responsive nanostructured thin filnwghich areselectivelyresponsive to apecific
stimulus are desiredo be obtained in order toontrol the wetting properties of surfaces or to
release dye or drug by an extertragger. The feasibility of the concept should berified by
applying these stimuliesponsive anostructures as a lighensitive nanostructured surface or
a drug delivery medium in surface engineering ordpplication. Moreover, the efficiency
andcapability of the concept should be compared with the one efmoatured objects, and

the reusalhity of samples should be also tested.
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33 Results and Discussi on

3.1 Fabrication of Chemically Tunable, Hierarchically Branched Polymeric

Nanostuctures by Multi -branched AAO Templates

*) This chapter is reconstructed based quilalication®4°

For decades, the fabrication of asymmetpgolymeric nanopillas has gathered great
attention due to their potentitd controlthe wettability and adhesive properties of surfaces
which can be controlled by varying the shapes of nanostructures on the surfaces. Especially,
biomimetic surfaces such as superhydrophobi@sas*! 143 geckomimicking*® 146 and dry
adhesivesurface¥*"1*°have been studied intensively.particular, thénierarchical nanopillars
play an important role in adjusting the wettability and adhesive propeftasfaces. The
complexity of structures causes a great change of wetting and adhesive propertitezials.
Previous studies have showrat the nanostructures replicated from the compliexarchical
AAO templates make the surfacssiperhydrophobit®'®! Various methods have been
demonstrated to fabricate hierarchical nanopillars; howekhese methds werelimited to

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

In this study chemically modifiable hierarchical poly(m@fluorophenyl acrylate) (PPFRA
nanostructures were fabricated by the tempdatgsted mthod with hierarchically branched
AAO templatesA postpolymerization modification was applied subsequently to modify the
surface of nanopillars with a light responsive molecllependingon the structures of the
AAO templates, various corresponding péa of PPFPAnanostructures, such as raspberry
shape, flower shape, or branch shape, were fabricated and the indinédaedhical structures
showedsignificantly differing wettability properties. Pnamic contact angleneasurements

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

nanostructures.

Chemically modifiable hierarchic&PFPAnanostructures were fabricated by the temnepla
assisted method as shown iguFe 24 Two different routes were used to produce the different
shapes of templates, which basically determined the structurRBF#Ananopillars Multi-
branched AAO templates were fabricated by threeessive anodization processBsefly,
an asymretric anodization was conducted via either route A or B on textured aluminum
substrateswhich hadresulted from a first anodizaticstep To pursue route A, the second
anodization was conducted in 1 wt% phosphoric acid electrolyte solution at 195 Vnhdm,12
andthe barrier layer was subsequently thinned out by consecutive reduction agpined
voltage. To condudurtherthe anodization, the barrier layer was additionally thinned out by
10 wt% phosphoric acid solution undambientconditions for 1 hHgure 5 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 procéssas-140 nm to ~110 nm
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Figure 5. Crosssection SEM images of AAO templates before (A) and afténéB)inning
out procedure.

To produce theecondary branched pores, a third anodization was conducted in 0.3 M oxalic
acid electrolyte solution at 40 V f@ 1 7 min. The resultingAAO templatesexhibited
secondary porewith a pore diameter of ~ 40 nras shwn in Hgure 26 (e)Afterwards, a
PFPA monomer solution containing crdsser (1,6hexanediol diacrylate) and pheto
initiator (TPO) was dropcasted onto the resultifgerarchicaly branched AAO templates and
vacuum was applied to assist the infiltrationtted PFPA monomer solutiorhe top of the
templates wathencovered by a surfaemodified supporting substrate, and sedpsently UV
light (365 nm)was irradiatedto photepolymerize the PFPA monomeAs a last step,
aluminum and aluminum oxide of the sacrificial AAO templates were removed by a 0.02 M
CuCkHCI solution with an ice bath and 10 wt% phosphoric acid solution at 45 € for 1 h,
respectively. Tie release®PFPAnanostructures wetbenfreezedried to prevent undesired

aggregation or collapse of the polymeric nanostructures.

For route B,the second anodizatiostep was conductednsteadin 0.3 M oxalic acid
electrolyte solution at 40 V for 87 min. The smallersubordinatd pores(pore diameter of
~40 nm) were formed on hemispherical concaveth(adiameter of ~ 500 nmpas shown in
Figure 26 (g) To support the infiltration of monomer solution, an additional pore widening
process was conducted in 5 wt% phasjhacid solution at.t. prior to infiltration.
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Figure 26 SEM images of standard and hierarchically branched AAO templates and the
corresponding plymeric nanostructures: (a) standard AAO template, ffi@e-standing
regular PPFPAnanopillars, (c)branched AAO templatiabricated via route A, (diiower-
shapel of PPFPAnanopillars, (e)two-tiered branched AAO templatabricated via route A,

() branchshapel of PPFPA nanopillars, (g) hierarchically patterned AAO template
fabricated via route B, an¢h) raspberrylike PPFPAreplication (scale bar200 nm).

Various hierarchically branched AAO templates were successfully produced via tese tw
different pathways. Eithebranchshapé templates orraspberryshape templaes were
obtained via route A d8, respectivelyFigure 26shows the different shapes of AAO templates
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and the raglting shapes oPPFPAnanostructure As a reference structurecanventional

AAO template wasabricated by twestep anodization without further asymmetric anodization,
and the freestandingPPFPAnanopillars With adiameter of ~ 180 nm arallength d 17 2

em) wer e Figure2gaand &. dust@she hierarchically branched nanostructures, the
free-standingPPFPAnanopillarsalso underwenta freezedrying step which sublimes the
water between the pillars and prevehis collapse aofhepillarsthatis generdly caused by the
capillary forces of water. The hierarchically branched AAO templates via route A resulted in a
flower shapeKigure 26c¢) ora branchedtsape Figure 26e) of AAO templates by conducting

the third anodization at 40 V andil8 € for 3 and 7min, respectively. Furthermore, a
raspberry shaper{gure 26g) AAO template was prepared via route B by performing the
second anodization at 40 V férmin. The PFPA monomer solution was infiltratedo the
resulted hierarchically branched AAO templaéesl photepolymerized, followed by in situ
polymerization. The correspondif®PFPAnanostructures are shown in panels d, f, and h of
Figure 26 Dependnhg on the shape ahetemplates, various shapes of nanostructures were
successfully fabricated. It is worthy to note ttiditerent nanostructures can be fabricaisthg
thesame type of templatésitvarying the time otheasymmetric anodization. Figei27shows

the replicatedPPFPAnanostructures from the raspberry shape AAO templates, and the images
showthat the resultinghapes ohanostructures can be divetsgapplying different length

of anodization time.

Figure 27 SEM images d?PPFPAnanosructures produced by the AA®mplatefabricated
via route B: (a) second anodization for 3min at 40V and (b) second anodization for 7min at
40V.

The surface wettability of hierarchically brancH&@lFP Ananostructures 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 stutig surbce propertiedt 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 aftlederce, br the characterization of the dynamic
wetting, the advancing contact angleandthe receding contact angiewhich indicate the
maximum expanding and contracting anglehefwater dropleteere measuredror instance,
flower-shaped of PPFPA napitlars 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,)

200 _ EZZ23 advancing contact angle (0,)
L receding contact angle (6,)
-y
DI Y . Y -
aAEn
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s %0 7 7 7 F
! =l Na
Mllal Rl
~ 1iallll
a0 B IUR |[I'R ||
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N 7 7 7 7
Flat Regular  Flower Branch Raspberry
Flat Regular Flower Branch Raspberry
Static CA (deg) 86.0 1049 123.1 126.3 1313
Increment from Flat surface (%) 0 22.0 431 46.8 527
Advancing CA (deg) 106.0 1459 141.7 1416 1614
Receding CA (deg) 58.0 63.0 556 67.1 740
CA hysteresis (deg) 479 77.9 86.1 745 874

Figure 28 Satic, advancing and receding contact angles for BRFPAthin film and the
PPFPAnNanostructures shown in Figuré 2o), (d), (f), and (h), including the photographs of

a water droplet on the respective surfaces.

The resultof dynamic contact angle measuremesiitswed that the shapes of nanostructures
determinghe contact angleandthe changes dhe contact angles were dramatic. Compared
to a smoothPPFPAthin film, the nanostructured surfaces having different morphologies

generally hadhigher contact angle€\ prominent contact angle hysteresis, which depicts the
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difference betwee the advancing angle and the receding angle, olmerved forthe
hierarchically nanostructured surfaces duetothewru ghness. Wenzel 6s hyd.i
can explain this phenomenon, becaihsencrement of surface roughness increases the contact
interface area and causes the hindrancth@fmovement of water dropteaind hencethe

increase of the contact angle hysterésighe raspberry shape thfenanostructurg@shows the

largest hysteresis (87.4 £ 79 and the highest static contact angle £1¥1&8nong the various

shapes of nanostructures, and the static contact angle increases even up to ~ 53% compared to

the contact angle @ flat surface (fgure 28.

¢ D: Raspberry, 131.3°
I.’

Figure 29 Top view SEM images of surfacelod nanopillars: (a) freestanding mnopillars,
(b) flower shapenaropillars, (c) branched shapeanopilars, 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 SBM images of each structuen d t he corresponding struct ul
compared. As showin Figure 29 the contact angle increasgith theroughness ahe surface
which fits the expectation that the nanostructureiice the surface tee more hydrophobic
The branched shape of nanostructures having thinner secondary pillars on the top surface of
thenanopillars showa higher static contact angle (126.3 £ 29 compared to thestegwling
nanopillars (104.9 = 59 andhe flower shap@anopillars (123.1 + 109whereno secondary
pillars are formed on the head tife nanopillars. The resulsuppors the fact that the

advancement of the structural complexity makes the surfaces more hydrophobic.
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Post-
polymerization
Modification

Figure 30. Schematic illustration of pegiolymerization modification with activated ester to
spiropyrarramine, and the SEM images of nanostructures before and after modification.

All of the PPFPAnanostructures were then chemically modifiezithe postpolymerization
modification method.Based on the establisheattivated esteri amine chemistry, the
pentafluorophenyl ester groupRPFPAnanostructures) was substituted with the amine group
of a UV light responsive spiropyraamine as shown in igure 30 In this experiment, &V
lightrespasive spiropyran amine as a photochromic dyes 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 aminaipon UV light wasstudied as well as itswitching
behavior. As shown in Figure 34), relatively nonpolarspiropyran converted into @olar,
zwitterionic merocyanine form upon UVght irradiation at 365 nm and a characteristic
absorption peakf merocyaninavas observedt 563 nmIn addition a stable and reversible
photoswitchingbehaviorof spiropyran mine was observed, as shown iglfe 31 (b)

Figure 32 Topview SEM images of spiropyranodified raspberry shape nanostructures and

crosssection SEM image spiropyran modified regular nanopillafscale bar: 200 nm).

Postpolymerization modification was conducted by immersing the PPFPA nanostructures in
5 wt% spiropyran amine solution in methanol for 18 htalSEM images in igure 32 show
that the nanopidlrs have the same structure as in the initial state, even after the modification
step. To eliminate the capillary force effect, all the samples were fdzEzk after post

polymerization modification.

To prove the conversion of the pentafluorophenyl egteup into the spiropyrabhound
amide groupFT-IR spectroscopyvas measured. As shown in Figure 33, thelRTGpectra
displayed the decrease of the PFP ester signal at 1788rahalso the increase of thei HH
bending vibration signal and the C =a@ide stretching vibration signal at 3306 and 1650 cm
1 respectively. The FTIR 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 itcaused 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 phetigomerization of spiropyran on the nanopillars, UV light
at 254 nm was used instead of 365 nm according to the procedure described in the fitérature.

1561t was found that the phoisomerization was indudeat both wavelengths.
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PPFPA nanopillars
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Figure 33 FT-IR spectra of frestanding nanopillars before and after pgailymerization

modification.

As shown in Figure 34, the contact angles of all shapes of nanostructures desfteapedt
polymerization modificatiordue to the substitution of surfabeund functional groups from
the hydrophobic pentafluorophenyl groups to relatively hydtapépiropyran amine groups.
Moreover the contact angles decreased further as a result of the-ipboterization of
spiropyranby UV light irradiation at 254 nmiIn general, photinduced 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 calisedree
standing spiropyramodified 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 afteghiV

irradiation.
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Figure 34 The static, advancing, and redeg contact angles of spiropyran modified
nanostructures before and after Uight irradiation and the reduction percentage of static
contact angles before and after Ught irradiation. The change dhechemical configuration

of spiropyran upon UVght irradiation is presented as an inge

To verify the effect of surface modification on the surface wetting, the raspberryPiPEPA
nanostructuredilm was modified with isopropylamine via pegblymerization modification
to generatea temperaturegesponsive surfacedéntical rasperry shape of samples were
fabricatedsimultaneously to eliminate any structural effect. The raspberry shapBPFPA
nanostructuredilm was immersed int@a 3wt% isopropylamine solution in dry methanol for
5min and washewaith sufficient methanolFT- IR spectroscopyasconductedo confirm the
chemical modification. As shown below, the amidadfrom the substituted isopropylamine

group appeed and the PFP esteainddecreasedlhis provedhatPPFPAhad beeronverted
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into temperaturgesponsive poly(Nsopropylacrylamide)although the conversion was not
fully completed It was assumed th#te reason fothe incomplete conversion wHge same as

in the PPFPA nanostructured thin film when it was modified with spiropgmaine.

Raspberry shape of PPFPA nanostructure
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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 PNIPAMcomes hydrophobic by heating it tapa
temperaturabovetheLCST of PNIPAM The raspberry shapestbEPNIPAM nanostructuie
on a surfacehowed the same trendamelythat the static contact angle increadedheating
it up to a temperature &0 C which is an arbitrary temperature abdke LCST of PNIPAM
(~ 32 ).

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 thstatic contact angle decreased after posdification since the
hydrophobic pentafluorophenyl group was substituteith hydrophilic isopropylamine
(PPFPA 131.3°to PNIPAMO06.99. However, the contact angle increasetl15.5%y heating
due to the chemical nature of PNIPAM. This ressiltontraryto the results of spiropyran
which becomes hydphilic upon stimulatn. This shows that the chemical surface
modification affects tla wetting property of surface&s a resultboth the surface structure and
the surface modificatiohave a significaninfluence on the wetting property of surfacéhe
increase ofthe compkexity of the structure enhances the hydrophobicity, and the surface
modification alters the chemical natureloéstructure and makes the wetting property tunable.

It is already known thatpsropyran can be switched backtte initial state by visible fjht
irradiationata wavelength range of 400700 nm heating, or keeping the samethedark
(cessation of UMight).154157.158T g verify the retention of spiropyran, thetit contact angles
were measured repeatedly after yht irradiation and keeping the samjaethedark for 24
h. As shown below, the contact angle decreased byigh¥ irradiation and increased after
recoveringn thedark (cessation of UVight).

Contact angle (°)

82 - . .

B0 I I F . ' I I

uv Dark uv Dark uv Dark uv

Figure 37 Wettability switching cycles upon Uight irradiation and the cessation of UV light
(20min irradiati onthedarkhk h & = 254nm; 24 h in

As shown inFigure 37 the wettability was switched upon UNght irradiation and the
cessation of UV ligh however, it was found that the wettability was not fully recovered. This
phenomean is called a photofatigi#&1°® Due to the undesired hydrolysis of merocyanine
form, hydrolytic degradation is caused and the wettalmhtynotbe fully recoveredAn acute

photdatigue is observed in this case, and it wasumed that the numerous repetitionthef
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contact angle measurement cal$ige photofatigue. While measuring contact angles, the
sample cannot avoid the contact with wakspecially, the contact of merocyanine and water
after the isomerization is tigal. Nonetheless, the visible switching behavamuld be
observedor the short cycle®\ll these results showed that the wetting properties of the surfaces
containing various nanostructures can be controlled by applyireggpostpolymerizaton
modification method, even ooomplex structures, anid showsthe geat potential of our

approach which can be extendea wide range of stimuliesponsive materials.
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3.2 Drug Releasable Nanostructured Poly(Ninylcaprolactam) Thin Films

Stimuli-responsive polymers have been widely applied in the biomedical applications, such
as controlled drug delivery systems and-fémsing applicatioft:1°9163 |n specific, the
polymers reetive to pH or temperature havatgered a great attention becabsenan body
has different pH along the bodwyd a specific bodgmperaturé®* Thermosensitive polymers,
such as poly-isopropyl acrylamide) (PNIPAM) and poN{vinylcaprolactam) (PNVCL),
have their critical temperature closentaiman body temperature, thereftiresepolymers have
been applied fodrug delivery sgtens. HoweverPNIPAM can only be used to a limited extent
since PNIPAM produces toxicamine compounds via hydrolysi$:1%° Unlike PNIPAM,
PNVCL generates no side products and shows biocompatiailiylow toxicity*¢¢1¢’Dueto
these properties, varioudrug delivery systems have recently adopted PNVCL in their
systemg8168.16%gwever, most of studies have been conduasiagg PNVCLIn the forms of
hydrogel without a coiried structure. In this stud$hermosesitive nanostructured PN
thin films werefabricated asa drug delivery mediunwith an advanced complexity arad

significantly larger area, thereby improving #féectiveness of drug delivery.

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

Dye/Dru

Infiltration
_ —-
Polymerization

—l
" Remove AAO

' Absorption
e, L
Ap— )

Dye/Drugrelease

Figure 38 Schematic illustration of the fabrication 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 irFigure 38, an NVCL solution containing crosknker (1,6
hexanediol diacrylate) anphotcinitiator (TPO) was infiltrated into an AAO template
fabricated by a conventional twaltep anodizatiomnd polymerized by U\light (365 nm).
Subsequentlythe sacrificial AAO template was removed by acidic solution. The prepared
nanostructured PNVC thin films were then tested to satb either a fluorescent dye
(rhodamine B) or a potent drug (aspirimpder ambient conditioa The thin films were
immersed into the dye or drug solutions, and the adsorptitineofespective solutiowas
monitoredfor up to 24 h. Afterwards, the thin films were gently washed witlwBfier in order
to remove ay residue that mighttave beemeft on the surface of thin films and submersed in

pure Dhwater 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 thatPNVCL has LCST which can be used as a trigger to release a drug upon
heating!®®17°To analyze the range of temperattivatcould release dye or drupe LCST of
PNVCL was measureddn NVCL solution containing only photmitiator (TPO) was spin
coated and polymerized on an identical aluminum,alifpch was used for the fabrication of
AAO templates. Subsequently, PNVGkas dissolved in Dwater with thesupport of

sonication, and the obtained solution was heated §bt&. As show in Fgure 39 the
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PNVCL solution (conc. 1 mg /3 mg in Mtater) showsainLCST around 42 € and the range
of temperaturein which PNVCL is responsiblerangesfrom 35 to 65 ®C.To verify the
applicability of the nanosmictured PNVCL thin films adrug deliverymedium, the release of
dye or drug was observed at an average human body temperature (36 &) aainh

temperature (50 ).
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Figure 4Q UV-vis spectra fotime-dependen{a) adsorption andc) releaseof rhodamine B
under ambient conditions anchenheated t86 €, respectivelyExtracted adsorption (b) and
release (d) peaks at 5%4n wavelength. Inset: photographs of the PNVCL thin film before and
after adsorption of rhodamine B, and the DI water solution before and aftaeld@seof

rhodamine B.

The adsorption of rhodamine B wamonitored by UWvis spectrecopy and recorded as
shown in kgure 40. The nanostructured PNVCL thin film was submersed in an aqueous
solution of rhodamine B (conc. 1.75 x3@/L) and vigorously stirred att. The UV-vis spectra
show a characteristic absorptipeak of rhodamine B at 554 nm and the decrease of this

55



Results and Discussion

absorption pda since the PNVCL thin films adsorb the dye with time. Figurébd@xhibits

the extracted points at 554 nm which clearly show #wahse and a distinct color change of

the PNVCL thin film from transparent to pinkfter the adsorption of dye for 24 h, the PNVCL

thin film was gently washed and dipped into puren@ker. Subsequently, the water containing

the PNVCL thin film was heatkto 36 €, and the release of rhodamine B from the thin film

to water was recorded. It was observed that the hydrophilic rhodamine B temeectkpased

from the thin film to water, since PNVCL convertedatbydrophobicstate upon heating due

to itsLCST. 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 doe telease afhodamine B.

These results apparently show giaential of the nanostructured thin film aslrug delivery

medium that catoad 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 filmwith the adsorbedlye were heated atifferent
temperatures to compare the amount of kiyeasedAs a reference, the eglse of dye was
observed at.t. without heating. As shown inigure 41, the absorption peaks incredsgon
heatingwith accumulation of the amount of dye released toMater, unlike the reference
sampleshowed an inferior incrementThethin film heating at 50 T showedllarger gradient
in the initial state of heatingpmpared to the one heat&id36 T orto the onewithout heating
due tothegreater change of polarityhe result also showed that the absorption peaks increased

with reducing speed until a saturation point. It might be because of an intrinsic problem that

56



Results and Discussion

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 thstnarnured

flat PNVCL thin film. A flat PNVCL thin film was fabricated on theundaluminum chip (d:

1.3 cm), followed byspincoating and polymerization of the NVCL solutioho precisely
compare the nanostructured surface and thestroctured surface, the area of both surfaces
were calculated. In case thfe nonstructured thin film, the surface area should be equal to the
one of the aluminum chip, therefore, the equation for the area of a(ci@evasapplied and

the area of the nestructured thin film was calculated be1.327cm?. For the calculion of

the area of the nanostructured thin film, the overall surface arbe& p&nostructures should

be considered, thuthesurfacearea othe individualnanostructures was summed up and added

asfollows.

Pore density othe AAO template fabricated by phosphoric a&iat 10° pores/cn?
Surfacearea of thaluminum substratél=1.3cm) 1.327cnm?

From thesethe number of porethat one AAO template hasn be calculated:
5x 10 pores/cmx 1.327 cmi = 6.633x 1P pores

Theopensurface areaf one nanopillastanding on a surfadeadius: 20nm, length: 200Hm
= 2 r?kF2.638x100cn?

Therefore, the total surface amfananostructured thin filman be calculated as follows.
The area of aluminum substraté(#henumber of porés (thesurfaceareaof one nanopillag)

i the overlapped surface area below the nanop#ak327 cm + {(6.633 x 16) x (2638x
101%nA)} 7 {(6.633 x 16) x (0.126 x 13°cn?)} = 1.494cm?.

The results of these experiments cleatipwthat the nanostructured thin film hasgarger
surface areal(494 cn) than the nosstructured thin film 1.327 cn). The bigger area of
surface allowed the nanostructured thin fimhaveanimprovedadsorption and rehse of dye,
as shown in igure 42
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Figure 42. Comparison of adsorption (a) and releaggon heating at 50 b) of rhodamine
B between the nanostructured PNVCL thin film and thestarctured PNVCL thin film.

Furthermore, a study on the adsorptiod aglease of dydepending on thextent of cross
linking of thin flms was conducted to compare #iféect of crosdinking. A highly cross
linked nanostructured PNVCL thin film was fabricatesingthe identical methoty which

the other thin filmswere fabricatedy apgying twice theamount of crosdinker (30 wt%),

and their adsorption and release of dye were compared with a lesirndtedsanostructured
PNVCL thin film (15 wt%) as shown inigure 43 The less crosknked thin film showedan
improved adsorption a@hreleasgewhich are more desirable in the drug delivery system;
therefore, the less crofisked thin films are utilized as the drug delivery medium in the

following experiments.

005~

1604 = | s
\ jinm
1554 L D044 .__,.l
" . . 5 . -
150 . - Y
. - —_— 0.03 4 o
w 14 = %
< = < po24 ¥ o - *
140 | P
{ o
lo
- J
1.35 2 0014/
-
1.30 :
T r - : - 0.00 . . T T
0 ) 10 15 20 25 0 10 20 30 40 50 60
Time (h) Time (min)

Figure 43. Comparison of adsorption (a) and releag®mn heating at 50 b) of rhodamine
B between the nanostructured PNVCL thin film fabricated by 15 wt%-tnées and 30 wt%

crosslinker.
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Aspirin, also known as acetylsalicylic acid, is a common medication used to moderate pain,
fever, and inflammationAs a potent drugaspirin was used tdnvestigatethe use ofa
nanostructured PNVCL thin films aa drug delivery mediumAlthough, aspirin is a
hydrophobicnonpolarcompound a small amount of aspirin can be dissolved in wat&33
mg/mLat 25C)."* The nanostructured PNVCL thin film was submersed in an aspirin solution
(conc. 0.25 x 18 g/L) for 24 h with vgorousstirring in thesame manner witthodamine B
andwas thergently washed to remove exceaspirin. Subsequently, the release of drug upon
heating at human body temperature (36 €C) was monitored for 6 h and rebyrd®dvis
spectroscopyAs shown in kgure44 (a), a characteristic absorption ked aspirin at 298 nm
increased withime, 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 workwhich 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 fotime dependentlease of aspirin and (b) extracted peaks at

298nm wavelength.

In addition, it wadound that the nanostructures on the surface of the PNVCL thin film had
not been damaged over the usage, asvshm Hgure 45. Although the surface of
nanostructures became roudhe tothe numerousrepetitiors of the transition betweenhe
swollenandthe shrunlenstate 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 tim@de nanostructured PNVCL thin film was immersedthe
aqueous solution afhodamine B(conc. 1.75 x 18 g/L) for 24 h, and the resultingye-
adsorbed thin film was then heated for 1 h at 58ff€r washing and transferpore DI water.
The adsorption and release of rhodamine B were monitored byidJpectroscopy, as shown
in Figure 46.The upper blue box shows the decreélkdo 2) ofthe absorption p&aof
rhodamine B at 554 nm whigk causedy the adsorption of rhodamine B onto the thin film
and the lower violet box shows the increé®¢o 4)of the absorption peak of rhodamine B at

554 nm whichprovesthe release of rhodamine Bhd result clearly shows that the thin film

can be reused with reasonable performance.
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Figure 46Test for theeusability of the PNVCLhin film.
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3.3 Fabrication of Temperature Responsive Blockke Nanorods

The construction ofesponsive selassembled structuréss been intensively demonstrated
due to their broad applicability. Particulartiie responsive behavior of nanoscopic molecular
amphiphiles, whik can induce a change in morphologych as from micelles to vesiclgson
external stimulationhasgathered great attentidf® 1’4 However, he synthesis of polymeric
amphiphilc nanorods or nanowiregith a length scale of several hundred nanometers and their
assembly into microscopic structures with definearphologieshasnot yet beenntensively
studied The polymerimanorodsamphiphilescanbe prepared by a hatdmplating approach
and can be regarded as blditle nanorods, with the two individual blocks consisting of
chemically different polymer netwks. By variation of their respective volume fraction, i.e.
block length, as well as the chemical nature of the polymers, differemtrgaliized structures
are expected to be formed, similarly to the variousassembled structure$ smaltmolecule
amphiphiles. Moreover one block will be designed as being stirmeponsive 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 stinraBponsive part will chargand thusnaytrigger
a change in the morphology of the sadisembled structure. Consequently, changes from a
vesicular to a micellar structu@an beexpected. These morphological changes from giant
vesicles to micelles are envisioned to be used asetglivehicles, 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 bibk& rods is the accesd hard templates that
allow size variationsFor this purpose, AAO templates were prepared as a frame for the
nanostructuresFor the experimentsphosphoric acid was used as an electrolyte, and a
relatively high voltage (195V) was applied for varying pdsicof time. As a result, the
templaes, which had a diameter of &8n and various lengths ranging from netale to

micro-scale, were fabricated.

As a first approach, physically bonded bldide nanorods were falzated, as shown in
Figure 47 20 wt% styrene monomersolution in ethanol containing crodéisker (1,6
hexanediol diacrylajeand photenitiator (TPO) was infiltrated by spinoating in prepared
AAO templates (diameter: ~ 180 nm, length: ~ 1.5 um) and subsequently polymerized by UV

light irradiation to fabricate the neresponsive blocks. To eliminate one half of the polystyrene
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(PS) nanorods, xygen plasma treatment undereatively high power (990 W) and high
pressure (0.6 mbar) was conducted. Over the etched PS mgn@d@dwt% N-
isopropyhcrylamidg(NIPAM) precursor solutiom methanotontaining identical croslinker
and photeinitiator as in thestyrenemonomersolutionwas infiltrated and polymerizday UV
light for 30 minto form the other stimuliesponsive blocks. The sacrificial AAO templates
were ethedawayby the wet etching method usintp wt% phosphoric acid solution at 45
for 1 h.

15t monomer 2" monomer
+ cross-linker + cross-linker
+ initiator + initiator

ﬂ ‘
Polymenzation Polymerization

Figure 47. Schematic illustration of the fabrication of polymeric bldak nanorods.

Various weight percentages (20, 40,806) of styrene precursor solutions in ethanol and a
styrene solution without solvent were prepared for the infiltration, anecsited on the AAO
templates with speed variance (1000, 20800, 5000 rpm)as shown in Appendix AThe
result shows that the PS nanorods were-feethed above 2000 rpm with 20, 40, 60 wt%
styrene precursor solutioBubsequently, all these sampleseivedoxygen plasma treatment
for 2 min, and the result showed that 20 vetrene precursor solutiomith 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 spincoating at 2000 rpm for 15 sec, aedenly infiltrated PS
nanorals are observe®ubsequently, oxygen plastne@atmentvas applied toemove one half
of the nanorods. To identify the etching rasfamanorods to time, an AAO template coniag
the PS nanorods was dato small pieces anthe pieces were placed in an oxygen plasma
chanber. Each piece was then removean the chamber after a certain of tifde. shown in
Appendix G the length of the PS nanorods decreased linearly by the longer oxygen plasma
treatment, and the PS nanorodsihg a half size compared to the initial length were obtained

after 2 minutes of treatmerBased 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

fabricatel, as shown inigure 48 (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 stimuiesponsive block NIPAM was chosenin order tofind the
most suitable solvent which does not exceedingly swell the PS nanorods, a theoretical pre
selection of solvents based thre Hansen theory was conductéthnsen parameters consider
three components: a dispersion componékt ( a pol aryp), and @ hyanogem t (u
bondi ng c g.h 6Theseparanfeters are used to pretiesolubility of polymers
in solventsFurthermoreHansen used a thremensional model to ptthepolymer solubility.
Based orthree coordinates of the component val(e, Uy, Un) of apolymer, a spherical volume
of solubility can be defined in threentensions, and the radius of ttephere indicates the
interaction radius (R) of polymer&ccording 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 {Rbetween the coordinate tife solvent determined by the Hansen
parameteraind the center of the solubility spheretlod polymer (R) should be less than the
interaction radius (R) othe polymer to meet the condition thete polymer is soluble ira

specificsolvent.

The distance (B from the coordinate of the solvetd the center of the solubility sphere of
PS (R) was calculated as followg%177

Ra=  [adh @B+ pbTWH)?+ nbiie)7" 2

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

the center of the solubility sphere of polymer
Uks = Hansen component parameter for solvent
Uk = Hansen component parameter for polymer

Table 1 shows the Hildebrand and Hansen solubility pasmetf polystyrene anthe
solventsandtherelative energylifference (RED= Ra/ Ro) numberghat indicatehe solubility

between PS antthe solvents.

Table 1. Hildebrand and Hasen solubility parameters, interaction radius, and RED ndffiber

Ug Up Un Ra RED (R4/Ro)

Polystyrene 21.3 5.8 4.3 12.7% 0 1

Methanol 15.2° 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 3.19 5.7 7.63 0.60
Toluene 18.C¢ 1.4 2.0° 8.26 0.65
Water 15.5 16.C° 42.5 41.11 3.24

Us= di sper si og= cpoonhpaorn ecnctrhydmger bohding cdmponem, =
interaction radiug® = theinteraction radius (R) giolystyreng2Br a n 2roJfB®*Han s e n
(207.3Bartonl AYQ%Mn | ( ert®( 1998)

If the REDnumber is belovil (Ra< Ry), the solvent presumably dissolwee PS, whereas if
the RED number iabovel (R. > Ry), the solubility decreases. As shown in Tabléi most
of the solverdg chosen irthe preselectiolmave the RED numbes below1, which indicates
that the solvenill probably swelthe PS. Among these solrts, methanol, whickwellsthe

PSless in most casewas chosen for the preparatiortlod NIPAM precursor solution.
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Figure 49. SEM images of the PNIPAM nanorods fabricated by using different weight
percentages of NIPAM monomer soluti¢a): 20 wt%, (b) 40wt%, (c) 60wt%, and (d) 80 wt%

(scale bar: 500 nm)

Various NIPAM precursor solutions having different weigatcentages (20, 40, 6@ &1%)
of NIPAM, crosslinker (1,6-hexanediol diacryla)e and photenitiator (TPO) in methanol
were prepared and spicoated on AAO templates with 200pm for 30 secAs shown in
Figure A, PNIPAM naorods were fabricated ingdthe templates regardless ofthe
percentage of NIPAMafter the phto-polymerization for 30 minHowever,an undesired
polymer layer oriop ofthe templates was also producke tothelow speed of sphtoating.
Therefore, the speed spin-coatingwasincreased from 2000 rpm to 9000 rpm to avoid the
deposition ofa polymer layer, with would be an obstacle for the formatiortted individual

nanorods.
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Figure 50 SEM images of the blodke nanorods. (a) PS nanorods after oxygen plasma
irradiation for 7 min (b) half PShalf PNIPAM nanorods, (c) long P$hort PNIPAM nanorods,
(d) short P]ong PNIPAM nanorodsliered boxes show the junction of blddée nanorods).

Figure ® shows the resulting PS nanorods and the blikekPSPNIPAM nanorods wit
different ratis. 20 wt% styrenengcursor solution in ethanol wespin-coated orthe template
with 2000 rpm for 15 sec and polymerized by Wyht for 30 min Oxygen plasma treaent
was conducted for 7 mio remove onéalf of the PS nanorods. Ovie resulting PS nanorods
in Figure 3 (a), 40 wt% NIPAM precursor solution in methanol was smged with 9000
rpm for 30 seand polymerized by UVlight for 30 min Figure ® (b) clearly shows the
physically bonded blockke PSPNIPAM nanorods havinthe sameblock length. Moreover,
the blocklike nanorods havingdifferent blocklengthwere fabricated by controlling the time
of the oxygen plasmareatment Figure ® (c) and (d) show the blodike nanorods having
long PS block short PNIPAM block andshort PS block long PNIPAM block. To fabricate
these blockike nanorods, oxygen plasma tm@&nt was conducted for 2 min and 12 min,

respectively.

For an investigation othe temperaturgesponsivenessf the nanorods, the blochike
nanorods wereeparated from theemplates byemoving the sacrificial AAO templates with
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1wt% phosphoric acid &dation at a temperature of 45%0r 1 h Subsequentlythe released
nanorods were purified via dialysis to remove thel acid he elements from the templates.
The transmittance of blodkke nanorods in water waken measuredupon increasing the
temperaturdrom 15 to 70 Tto verify the temperatureesponsiveness tlie nanorodsBefore
conducting the measuremetiite exact volume percentibfenanorods in war was calculated

as follows
Pore density othe AAO template fabricated tphosphoricacid 5 x 10° pores/cn?
Surface area of the aluminum substyatel.3cn): 1.327cn?
From thesethe number of porethat one AAO template hasn be calculated:
5x 10° pores/cmx 1.327 cmi = 6.633x 1C° pores.

After that, the volume of one pore was calculated by inserting the value of the diameter and
the length of the porand itsvalue wa® . 0 B8 This valuevas multiplied with the number
of pores to calculate the total volume of pores in one AAO templatethe value wa3.0743
cmd. To increase the concentration of the nanorod soludi@743 cm of block-like nanorods
in 6mL of waterunderwent freeze dryingndthe volume of watewas reduced from 6 mL to
2 mL. Consequentiallythe volume percent of the nanoradsreased from 1.238 v% &715
v%. With the resulting concentratesblution, theturbidity wasmonitoredby heating ughe

solutionat a rate oL0C/min.
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Figure 51. Turbidity of blocklike nanorods glack: heating red: cooling).
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As shown in kgure 51, asmooth decrease of transmittance anithcomplete restoration of
transmittance were observed upon heating and cooling, respecfitblgugh tie complete
transition of the solution from transparent to cloaduld not beobserve due totherelatively
low concentration of the nanorqd#he meaurementproved that thesolution contained
temperaturgesponsive PNIPAM blocks which caused the change of transmittdoaever,
the selfassembly behavior dfienanorods and their structural chargelld not be verified by
this measurementhereforedynamic light scatteringDLS) measuremenwasconducted to
monitor the change in the size of blddke nanorodsipon heatingSince PNIPAM has LCST,
it is expected that the size thie block-like nanorods decreases upon heating. Howé¥e§
data showvthat the averagsize oftheblock-like nanorodss ~320 nm at.t. and~380nmat40
€. In addition, he overall sizeof the nanorods was smaller thaxpectedvhen considering
the length ofthe blocklike nanorods insidéhe AAO templatd ~ 1  Ehmiesult of DLS
apparentlyshowedan inconsistencyn sizeof the blocklike nanorodsand its changef size
upon heating.Furthermore, afracture of the blockike nanorods was observed in the
confinement even before removaltbé template, as shown ingkre 52 These resultied to
theassumption that two blocks composed of blbk& nanorods might be separateain each
otherduringthe fabrication process or duringmoval ofthetemplates.

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

To clearly verify the assumptiotwo different kinds of fluorescence dyes (rhodamine B and
NBD-amine) werendividually added to each blods a markerand the emission from the
block-like nanorods was observed by confocal nmscopy. The hypothesis walsat both
emissiors from two distinct dyes should bdetectedfrom the blocklike nanorodsif both

blocksconnecteds one.
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For the experimentBD-amne and rhodamine B we@dded to thetyrene solution antthe
NIPAM solution respectively NBD-amine shows a greeamissionwhen the dye is excited
(maxi mum ab spyeA6p hmeomi sastienoa®35 an), apdhodamine B shows an
orangeemission(ma x i mu 4= 553 nmandhee mi s S ieng=rb75am) in @ater.The
precursor solutions containirigesefluorescence dyewere then used for the fabaitton of
block-like nanorods using the identical method by which thekslie nanorods without dye
had beerfabricated. Consequently, the solution containing the resulting naneasddrop

casted between two glass slidestheconfocal microscopyneasurement

Figure 53 Confocalphotoluminescenaenage of single bloeckke nanorod(532nm CW laser
light, LP 532 filter, 500 nW, 10 sec)
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Figure 54 Photoluminescencspectraof single blockiike nanorodwith differentexcitation
wavelengthga) at 532 nm(CW laser light, LP 532 filter, 500 nW, 10 serid (b)at 440 nm
(Ti:Salaserm ML mod e, LP 474 filter, 13 ¢gW, 1

As light sources, 532 nm continuous wd@W\) laserlight from neodymiurdoped yttrium
orthovanadate (Nd:YVg) laserand 440 nntitaniumdoped sapphiréTi:Sa) laser were used
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with a long pasg$LP) 532 filter and &P 474 filter, respectively. An object assuntedoe a
single blocklike nanorodwas observedhn the confocal photoluminescencéL) image, as
shown in kgure 53 The size of th@bject wa around 500nirand theobjectstrongly emitted
at 570nm with exatation at 532 nm, as shown ingkre 54(a). Based on the excitation and
emission wavelength, it is concluded that the object contains rhodamaag B56 nm,aen:
575 nn). To verify the existence of NBlamine(aan: 460 nm,gem: 535 nm) in the object440
nm Ti:Sa laser irmode locking ML) modewas used; however, tremissionpeakof NBD-

amine(marked with a red stam Figure 54(b)) did not appear

These resultglso implied the fracture of the blocks which perhaps cabgetthe weak
connectionbetweenthe two blocks. To avoid the fracture atmlenhance thstability of the
block-like nanorodsa new approacto fabricate theehemically bonded blockanorodsvas

demonstratetdy adding the reactive componeitseach blocko bond them chemically

Styrene NIPAM + PFPA
+ cross-linker + cross-linker
+ initiator + |n|t|ator
'ﬂymenzat’ APTES 'Polymer:zauon |'|
~0 P ~""NH,
/- D O—\

Figure 55 Schematic image of the fabrication of chemichiinded blockhanorods.

An attempt wasindertaken usingnainopropyltriethoxysilane (APTESs a linketo fabricate
the chemically bonded nanorodSPTES is a welknown chemical fora self-assembled
monolayer (SAM) anccan belinked to oxide surfaces Immediatelyafter oxygen plasma
treatmentthe sampleontaining thd®S nanorodwas dipped into 0.4 wt?APTES solutiorin
DI water for 15 mirand dried under ambienbnditions.Subsequentlythemonomersolution
in methanohavingtemperaturgesponsive NIPAM40 wt%),linkablePFPA(20 wt%), cross
linker (1,6hexanediol diacrylate), and phatatiator (TPO)was dropcastedandthe AAO
templatewas squeezed betweéwo nonstructured PDMS pads by a cltp support the
infiltration. After the infiltration, the monomers were then polymerized bylight for 30 min.
As shown in Figuré6, APTES did not destroy th&ructure of the P8lock; however, the

second blockwere not infiltrated properly.
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Figure 56 SEM images dPSnanorods §), afterthe APTES modificationb), and after the
polymerization opoly(NIPAM-r-PFPA) copolymer nanorods)((Scale bar: 200 nm)

Another attempt was made to ughylenediamine (EDA)as a alternativelinker. It was
expected thabne amine endf EDA would reactwith the pentafluorophenyl group from the
first block and the other amine emgbuld reactwith the pentafluorophenyl group from the
second block. Firstthe first half block containing the inerstyrene and thelinkable
pentafluorophenyl groupvere preparedrom the mixed solution having 20 wt% styrene and
10 wt% PFPAfollowed by the polymerization and the removal of hathefblocks viaoxygen
plasma treatment. Subseqtignthe open surface of the first blocks wasdified with EDA
by dipping the samples in®50 wt% EDA solutionin methanofor 30 min Afterwards, the

second block containing the temperaturgesponsive NIPAM group andhe linkable

. ﬂ \
Polymerization EDA Polymerization U
P MH2
H,N

Figure 57 Schematic image of the fabrication of chemichiipded blockhanorods.

pentafluorophenyl gugp were fabricated

Styrene + PFPA NIPAM + PFPA
+ cross-linker + cross-linker
+ initiator + initiator

As shown i Figure 58(b), the shape of thdirst blocks wagransformedafter dipping the
sample inthe EDA solution. Although the second blocks were successfully formed, the
deformation of the first blocks led to the fabrication of imperfect bldaknanorods.
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Figure 58 SEM images of pdgr-PFPA) copolymer nanorodsa) after the EDA
modification b), after the polymerization opoly(NIPAM-r-PFPA) copolymer nanorod<)(
(Scale bar: 200 nm)

To overcome the problems of the previous tridie,amount of EDA and PFPA was reduced,
and a single monomer was used for the fabrication ofébensl blocksA styrene solution
containingl wt% PFPAwas used to fabricate the first blockad a 20 wt% EDA solutiowas
usedfor the linking After the modification with EDAa PFPA solution was infiltrated iném
AAO template byvacuumassisted metid. Followed by the polymerization and the removal
of the sacrificial AAO templatethe chemically bonded blodike nanorodscontainingthe
inert poly(styrene-PFPA) blocks and the chemically tunable PPFPA bleak®fabricated

. ﬂ .
Polymerization EDA Polymerization l
A~ NH2
H,N

Figure 592 Schematiémage of the fabrication of chemicalbpnded blockanorods.

Styrene + PFPA PFPA
+ cross-linker + cross-linker
+ initiator + initiator

Figure 60 clearly shows the chemicall bonded blocKike nanorods without any
disconnection betweeghetwo blocks By using EDA as 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 thdikdock
nanorods need to be further inveated 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 willcontribute tothe further developmenan effectivefabricationmethodof stimuli-

responsie amphiphilic nanabjects.

Figure 6Q SEM image ofthe chemically bonded blodke nanorods containing the
poly(styrener-PFPA) blocks andhechemically tunabl®PFPA block{ scal e bar: 1
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3.4 Fabrication of Multi-functionalized Nanowires via PostPolymerization

Modification

A largenumber of studies on the templatssisted fabrication of polymeric hanomaterials
have been reptad?* however, studies orhemically tunable polymeric nanomaterials
fabricated by the templatessisted fabricatiomave not been conducted extensively. Previously,
the group of Theatoreported a simple metdofor the fabrication of thermpesponsive
nanowires via the template replication method and-polstmerization modificatiod® Post
polymerization modification was conducted with isopropylanonethe petafluorophenyl
esternanowires which were prepared by the template replication mefhedcorresponding
functionalized nanowires clearly showed therrasponsive behavior and proved that the{post
polymerization modification was well manageable. This teshdwed a great potential for the
method to be applied in nanomaterials and to be used for the fabrication of-stispolnsive
nanomaterials.

Pentafluorophenylacrylate

— (PFPA)+ Cross-finker
+ Initiator

@
—

Post-modification

_—

Polymerisation
Barrierlayer-
etching

@
AAO removal Post-modification

Figure 61. Schematic illustration of the fabrication of mdiinctionalized nanowires.

As an extension othe method mentioned above, a method to fabrithée multk
functionalized nanowiresvas demonstratedia selective pospolymerizationmodification
Chemically tunablePPFPA nanowires were prepared by the vacuassisted infiltration
method schematicallshown inFigure61. The AAO templates (diameter: ~ A, length: ~
7 em) were fabricated vithe conventional twestep anodization process wibkkalic acid as

electrolyte A PFPA monomesolution containingrosslinker (1,6-hexanediol diacrylategnd
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phao-initiator (TPO) was infiltratednto the nanochannels of AAO with vacuum assistance,
and themonomer solution wapolymerizedby UV light (365 nm)for 30 min After the
fabrication othePPFPAnanowires, the open endstbénanowires was modified with primary
amine dye via pogtolymerization modification. The whole AAO templates contaiftiRg-PA
nanowires were immersed 01 wt% NBD-amine dye solutionin methanolfor 1 h and
sufficiently washed afterwards. To modify thther ends of nanowires, pore opening was
necessary; therefore, the aluminum and the barrier layer (aluminum oxide layer)wehéch
presentat the bottom of the pores were removedtmchemical etching method dy the
reactive ion etching method:he chemical etching methowvas carried out in different
concentratiosof phosphoric acid (5 or 10 wt%a)nd time to obtain thevenlyopened poréé?
andthereactive ion etching methadas conducted by using CF4 gas at 0.16 mbar with 180 W
for 15 to 180 minSubsequently hie other ends dhe opened nanowires were modified with
0.01 wt%cresytviolet dye solutionn methanoto distinguish both ends with different emitting
wavelengti. Finally, the AAO templates were removed by wt% phosphoric acigolution

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

Figure62. SEM images of chemically tunaBleFPAnanowires: (aPPFPAnanorods formed
inside the AAO template and (b) releas&PFPA nanorods after the removal tiie AAO
template (Scale bar:€In).

The resulting®PFPAnanowires before and afteymoval of theAAO templatesareshown in
Figure62. ThePPFPAnanowires having an identical dimensiortlzgd AAO templates were

observed either insidae AAO templates or after removal tifetemplates.

Prior to the pospolymerization modification of the resulting PPFR&nowiresfluorescence
spectroscopwascarried outo define the absorption and emissigave length of NBEamine
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and cresyl violet perchlorate dy€he resultshown inFigure 63exhibitsthe distinguishable

rangesof wave lengthof the two dyesNBD-amine hadan absorption at 470nm anah

emission at 550nm, and cresy! vigbetrchloratehadanabsorption at 590nm arahemission

at 640nm.
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Figure 63. Absorption and emission spectod NBD-amine and cresyl violaheasured by

Fluorescence spectrometer.

In addition these two dyes were testedtbePPFPAthin filmsto confirmthat the dyes could
modify PPFPA via th@ostpolymerization modificatioomethod.As shown inFigure 64 the
IR spectra of th®PFPAthin films showthe increaseeNH (3306 cmt) and amide (1533 cm
1y band andthe dramatically decreased ester (1783 %rband afterthe modification. It
confirmedthat the pospolymerization modificatiorhad beersuccessfully conducted with
NDB-amine anccresyl violet perchlorate dyes. It was atduserved that the PFP ester band
had not completely vanished after the nfigdtion. It is assumed thahe crosdinked 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 tlyastrization

modification of the anowires.
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Amide : 1533 cm!

PFP ester : 1783 cm’]

NH : 3306 cm” o P10
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Figure 64 IR spectrums of thd®PFPA thin films: without modification (black), after

modification with NBBamine (blue), and after modification with cresyl violet (red).

After the modificationof the PPFPA nanowiresith NBD-amine the back side ahe AAO
templates was chemically or physically etched to open the other etlosr@nowires For
that,the aluminum layer was removed by Cpl@Cl (0.02M) solution andthe barrier layer
(aluminum oxide layer) which was revealed afesmoval of aluminum wastchedby 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

theetching 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) nga) 15 min, (b) 60min, (c)
120min, (d) 180min (Scale bar: &m).

Figure 65summarizes the conditisof the etching experimentBorreactive ion etchingCFs
gas was used with varioe$ching times, and the resultanorphology of the barrier layer of
the AAO templatess shown inFigure 66 After 180 min, the barrier layer of the phosphoric
acid (HlPQy)-anodized AAO template was uniformly etchadayand theopened channels
were exposedlhe reactivean etching was also applied tire AAO templates containing the
PPFPAnanowires, howevethe critical defecin the structure oPPFPAnanowiresvas bund,
as shown inFigure 67 It was assumed that tiRPFPAnanowires waslamaged byhe high
temperature insid¢he ion etching chamberAlthough, the exact temperature inside the
chamber was not able to be meastuitedas expected over several hundrediice the contact
to the chamber was not available without protection from Aeaavoid this problem, aet

chemical etching method wasgplored
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Figure 67 SEM images of the bottom surface of porous AAOs contafiid® Ananowires,

showing the opening of the barrier oxide | ay

Figure 8. SEM images of the bottom surface of porous AAOs fabricated with phosphoric acid,
showing the opening of the barrier oxide layer upon diffeveetchemical etching ting (a)
O min, (b)) 35 min, (c) 50 min, (d) 71 min (S

The wet chemical etching was carried out in 5wt% aqueous phosphoritigei@h) at 30°C
with various etching times. The channels oft3Os-anodized AAO template started to open
after 71minas shown irFigure @; however, the opened channels were irregularly distributed
and the diameters of the opened channels varied due to intrinsic defects anichegslarity
of the pore formation andhe boundaries of thélsPQs-anodzed AAO template. Therefore,
oxalic acid (HC20s)-anodized AAO templates having less intrinsic defectewsed.
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Ref,

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

Figure 69 shows the SEM images ah etchedbarrier layerof a H.C>Os-anodized AAO
templatewith different etching tires. The H.C>O4-anodized AAOtemplate showed regular
and uniform etching in a large area, unlike H@Qs-anodized AAO templatéfter 47min of
etching, the pores started to opand the other side dlhie nanowires became accessible for
further modificationln addition side view SEM images shown in Figut@ proved that both
sides ofthe AAO templates wer@pered and no further pore widenimgppened; therefore,

theseconditiors wereapplied br all of futher experiments.
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Figure 7Q Side view SEM images of the opene€ids-anodized AAO template etched by
phosphoric acid: (a) initially opened pores, (b) overall view of the template, atite(opened

pores after removal dhebarrier layer (Sale bar:200nn).

The unmodified ends of the nanowires that revealedidtyetchingwere 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 modiiedside where was already
modified with NBD-amine.Subsequently, the sample was immerse@l @ wt%cresyl violet
solutionin methanol for 1 hAfter sufficient washing ftemulti-functionalizechanowiresvere

thenreleased by removing tlsacrificial AAO templates

To verify the postpolymerizationmodification of PPFPA nanowirefluorescence optical
microscopy wasonductedAs shown inAppendixD, many nanowiegsemittinggreen at both
endswerefound, and a phenomenon that one end emits brigiderthe other endias also
observed.Furthermore, this phenomenon was also observed ¢fose lookat a multk
functionalizednanowires, ashown inFigure 71 It can be seen that the nanowire has two
emitting endswith different intensityand the expectesize of a nanowire fabricated from the
AAO templ ate havi ng alo éxplainghe [phermienoh, ttmantum n | e n
yield of two dyes was calculated by comparing tpadient of theplot for the dyes and the
gradient of the plot for rhodamine & a reference dy&he gradient was determined by
plotting maximum absorbanaa thedyes in function of fluoescence intensityAs a result, it
was found that NBEamine has a higher quantum yield than cresyl violet; theretonegs
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assumed that the nation of emitting intensity was caused by the difference of the quantum

yield between two dyes.

Figure 71 lllustration of a nanowire modified on both sidesd fluorescence optical
microscopy image of multi-functionalized®PFPAnanowire.

MNBD-amine

Cresyl violet

—Modified
nanowires
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Figure 72 Fluorescence emission spectrofithe multifunctionalizechanowires

Furthermorefluorescence emission specware measured to confirm tipgesencef dyes
with themulti-functionalizednanowires. As a reference, two dyes were dissolved in DI water
ard their solutions were measured. The NBiine solution was eked at 450m andemitted

at 540nm, and the cresyl violet solutiomas excited at 560nm and emitted at 620 nm,
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respectivelyA solution containinghe multifunctionalizednanowires was exigd at 450 nm
which could excite both dyes, and its emission was observed at 540 nm and,6&20i¢cim
verified thepresencef both dyes. From the resultstbefluorescenceptical microscopy and
of thefluorescence spectrum, the successful fabricaifaghe multi-functionalizednanowires

could beconfirmed.
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4. Concl usion and outl ook

In summary,a facile method for the fabrication of the stimwdsponsive and chemically
tunable nanabjects and nanostructuredritfilms was presented. Via themplateasssted
replication method and thgostpolymerization modificationyarious types of nanobjects
were successfully produced, and these were applied in surface enginedrargguelivery

system.

Multi-branched AAO templates werfabricated via the nuified two-step anodization
process. iese templates were used to prepare various kinds of hierarchically brRrdFed
nanostructuresThe hierarchically branchddPFPAnanostructures were then modified with
spiropyranamine via the pogbolymerization modification, resulting in ligihésponsive
nanostructures. Depending on the nanostructures, the distinct contact angles were shown, and

thedramaticchanges of the contaangles were obseed upon UMight irradiation.

Biocompatible and thermosensitive nanostructured PNVCL thin films were prepared for a
drug delivery system. The nastructured PNVCL thin films adsorbed the fluorescent dye
rhodamine B or the potent drugpasn underambient conditioa and releasedhem upon
heatingat around human body temperatuféie nanostructured PNVCL thin filshowed an
improved adsorption and release of the dympared tdhe nonstructured PNVCL thin film.
Furthermore, nanostruats on the film were not damaged after the release of dye, and the thin

film was reusable without a deterioratiohperformance.

Block-like nanorodswere producedoy sequential infiltration of two types of monomer
solution. By selecting the propeolvents for the monomer solution, physically bonded
nanorods could be fabricated. Depending on the time of oxygen plasma treatment, different
lengths of PS nanorods were prepasasdi PNIPAM nanorods were formedtbie PS nanorods
sequentiallyUsingthis method, warious ratios ofemperaturgesponsiveblock-like nanorods
weresuccessfully produced; howevéryas found thathe physically bonded nanorodere
vulnerable to an external stimuluBo overcome this problenthe chemically bonded bloek
like nanorodswvere fabricated bgeveral new method&/sing 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 bldide nanorods was verified by SEM.
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Conclusion and utlook

An innovative method to fabricate the mdflinctionalized nanowires was demonstrated.
PPFPAnanowires thatanbe modified with amingwere prepared by the templatssisted
replication method. The closed pores of AAO templates were opened by eithartRéivet
etching method to access both endshefnanowires. Afterwards, botbpenedendsof the
PPFPAnanowires were chemically modified with NB#nine and cresyl violgterchlorate
viathepostpolymerization modification method. Thiedrescenceptical microscopy images
and the fluorescence spectreonfirmed that both ends ahe PPFPA nanowires were

successfully modifieavith the different fluorescent dyes

The presentedpproaches arexpected to expanthe functionalitiesof nancobjectsby
applying various aminesga postpolymerization modification, thereby the naobjects obtain
a complexitywhich is desired foran advanced nanoscienddoreover, substituting the
activated ester witlparticularstimuli-responsiveamines allows the narobjects or the thin
films to react upon a specific stimuluBhese stimuiresponsive materialsan beapplied in
drug delivery application which requires a smart systeraffectively release a drug, or in

surface engineeringhich is used irthe coatirg industry.
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5, Experimental section

5.1 Characterization nethods

The topographies dll sampleswere investigated by scanning electron microscopy (SEM,
SigmaZeiss) after gold sputtering (Cressington sputter coater) onteitfaceswith 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 measuredpdsimodified nano-objects and the thin

films were investigated by aidblet iIS10 FTIR spectrometefTo investigate theancobjects
modified by the fluorescent dyedluorescence spectrometer and fluorescence optical
microscope (Olympus BX51 with fluorescence illumimad-Cite series 120 QEXFO) were
conductedThe adsorption and release of dye or drug were monitored byidJspectroscopy

(Jasco V-630 spectrophotometer)LCST measurement was performed withV-vis
spectroscopy usingJasco ET& 17peltierelement wih continuous stirringlhe size of nano

objects was measured by D8alvern Zetasizer NarndS90 which is equipped with a He

Ne laser operated at 632 ntdl NMR spectra were measured by a Bruker Fourier 300 NMR
spectrometer.

5.2 Fabrication of anodized duminum oxide (AAO) templates

High purity aluminum chips (Goodfellow, Al 99.999%) were placed in an anodizatiofheell
picture of seup isshown in kgure § and electropolished in a vigorously stirred mixture of
ethanol and perchloriacid (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 wedistablished twstep anodization process was applied. In the first
step, the electropolished aluminum was anodized in an agueous solution of oxalic acid (0.3M)
at 40 V, 5°Cor phosphoric acid (1.0 wt%) at 195 V, ~8Sor 24 h. After the first anodization,

the aluminum oxide layer was removed in agueous solution of ahaerd (1.8 wt%) and
phosphoric acid (6.0 wt%) at 45°C for 24 h. For the second anodization, the process was
performed in agueous solution of oxalic acid (0.240V, 5°C or phosphoric acid (1.0 wt%)

at 195 V,~05°C for a certain of time depending ardesired 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 perclaoric(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 twestep anodization was applied. 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 layewas removed in aqueous solution of chromic acid (1.8 wt%) and
phosphoric acid (6.0 wt%) at 45 °C fé8 h. For a fabrication of branched shape of A&@
second anodization was initially performed in aqueous solution of phosphoric acid (1.0 wt%)
at 195V for 12 min and the barrier layer was subsequently thinned out by consecutive reduction
of the applied voltage down to 80 (02 V/s). After exchanging the electrolyte against oxalic
acid (0.3M), the reduction of the applied voltage was continued tgeXpobnential decay of

the applied voltage). Further thinning process of the barrier layer of the template was conducted
in phosphoric acid (10 wt%) for 1 hiat A subsequent anodization resulted in the formation

of branched pores, which were furtheogessed in oxalic acid (0.3M) at 40 V for 3 to 7 min.
Pore widening was performed in aqueous phosphoric acid (10 wit%)at 15 min. In order

to fabricate a raspberry shape of AAtBe second anodization step was performed at 40V for

3 to 7 min in 0.&1 oxalic acid solution at 1~8 °C. Pore widening was performed in agqueous
phosphoric acid (5 wt%) solution iat.

5.4 Synthesis of PFPA

35.0 g (190 mmol) pentafluorophenol and 27.7 mL (199 minoiethylaminewere dissolved

in 700 mL diethyl ether in &tee neck flaskwhich was cooled with an ice bath. After 10 min
stirring, 18 mL (223 mmol) acryloyl chloride was added dnoge to the solution and cooling
was continued for 30 min. The solution was stirred for additional 3.h &text, the solution
was separated from the precipitated salt via filtration, and diethyl ether was removedryia ro
evaporation PFPA wasthen purified via column chromatography with petroleum ether as
eluent. Finally, the gathered PFPA fractions were evaporated to remoekey® ether and

17.9 mL (109 mmol) of a colorless liquid were obtained, which represents a 57 %3ield.
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'H-NMR (300 MHz, Chloroforrd , 25 AC): GO [ppm] = 6.72 (d,
17.2,10.5Hz, 1H, a), 6.18 (d, J =10.5, 1H, b). Further signals: 3.86 (t), 3.17 ({§, vaTer).
19FNMR (Chloroformd): i [ p pfnd 3 =7 9, 1 AR (ATBR);{ [cpl262. 43.

1771 (middlej C=0 reactive estdyand), 1635 (m, ethylenicC=Ci valence), 1515 (strong,
C=Ci aromatic band), 1405 (niCHs andi CH2I deformation), 1218m, 1 COQ valence),
1112 (sj COi valence), 1070 (n,COC valence), 991s, =CH deformation).

5.5 Synthesis of spiropyraramine

S
o |
/\./"\ 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

—l N
25eq 3— >::.
—_—
THF, NEt,, 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 32,3,3trimethylindol -1-ium-1-yl)propanoic acid iodide

9.3 g (46 mmol) Jdodopropionic acid were added to 7.8 mL (49 mmol) 2,3,3
trimethylindolenine in a 500 mL round bottom flask. After three frggrmpthaw 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 overnighttaffhen, 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 mmal) of 3
(2,3,3trimethylindok1-ium-1-yl) propanoic acid iode (95 % yield)\84
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'H-NMR (300 MHz, DMSQGd 6 , 25 AC) :i7.84 (rh, AHh andrticprotén), 0.8
7.80 (m, 1H, aromatic proton), 716857 (m, 2H, aromatic protons), 4.65 (t, J = 7.0 Hz, 2H,
NCHy), 2.98 (t, J = 7.0 Hz, 2H, GE0OO0), 2.86 (s, 3H, NC¥), 1.53 (s, 6H, 2 Ck). Further
signals: 3.60 (m).

5.5.2 Synthesis 08-(3',3'-dimethyl-6-nitrospiro(chromene-2,2"-indoline)-1'-yl)propanoic
acid (SpCOOH)

3-(2,3,3Trimethylindo}1-ium-1-yl) propanoic ad iodide, 7.32 g (43.8 mmol)}2ydroxy-5-
nitrobenzaldehyde and 4.34 mL (43.8 mmol) piperidine were dissolved in 206omia2one

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 % yi&iH).

'H-NMR (300 MHz,DMSGd 6, 25 AC): U [ppm] = 12.22 (s,
(dd, J = 90, 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), 337 (m, 2H),

2.65 2.53 (m, 1H), 2.482.37 (m, 1H), 1.18 (s, 3H), 1.07 (s, 3H). Furtsignals: 3.33 (s, ¥D),

2.06 (s, CHCO, butanone), 0.91 (t, GBHs, butanone).

5.5.3 Synthesis of Pentafluorophenyl3-( 3 aédint&thyl-6-nitrospiro (chromene2 , -2 6
indoline)-1 §l)propanoate (SpCOGPFP)

6.80 g (17.9 mmol) SpCOOWere 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 triflu@acetate in 30 mL THF were added dmwwjse atr.t. The

solution wasstirred 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
toluenemixture (3:1 v/v) resulting in 8.87 g (16.2 mmol) of a yellow colored crystal%o

yield).%®

IH-NMR (300 MHz, DMSGd 6, 25 AC): U [ppm] = 8.21 (d,
2.8 Hz, 1H), 7.23 (d, J = 10.4 Hz, 1H), 7,790 (m, 2H), 6.88 (d, J = 9.1 Hz, 1180 (dd,
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7.8, 7,8 Hz, 2H), 6.00 (d, J = 10.4 Hz, 1H), 3343 (m, 2H), 3.272.95 (m, 2H), 1.20 (s, 3H),
1.09 (s, 3H).

5.54 Synthesis of N2-aminoethyl)-3-( 3 &dim&thyl-6-nitro -spiro(chromene?2 , -2 6
indoline)-1 §l)propanamide (SpCOO-NH)

A three necklisk 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) SpCG®BP were dissolved in 80 mL THF

and slowly added with a dropping funnel to the ethylenediamine solution. The reaction solution
was stirred overnight at.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 wasdesna

rotary evaporation. 6.34 g (15 mmol) of a broxopéored crystal were obtaideThis represents

a 93 % yield”

'H-NMR (300 MHz,DMSGd 6, 25 AC): 4 [ppm] = 8.51 (s, 11
(d, J=2.9Hz, 1H), 7.99 (dd, J = 8.9, 2.7 Hz, 1H, t), 7.18 (d, J = 6.4 Hz, 1H, u),77085m,

2H, b), 6.85 (d, J = 8.9 Hz, 1H, f), 6:8272(m, 2H, a, e), 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, I),
3.14/2.99 (m, 2H, m), 2.6722.54 (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), 2.462.20 (m), 1.76 (m, THEET-IR (ATR): T [cm-1] = 3300 (mj NHi amide valence),

3060(m-w, aromatic =CHi valence)_2960 (w,i CHZ valence), 1645 (methylenici C=Ci
valence),1606 (m,7NHi deformation),1547 (m,i NHi deformation), 1486 (s, aromatic

valence), 1324 (s, aromaii®tNO> valence, 1260 (s, aromaii€OC valence), 742 (s, =CH

deformation).
5.6 Preparation of selfassembled 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 immers@diwi%a
vinyltriethoxysilane solution in THF, and heated at 40 C for 48 h. After thensubstrates

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#hexanediol diacrylate (10 %) and diphenyl (2,4;6
trimethylbenzoyl) phosphine oxide (TPO) (5 wt%) was drop cast onto an AAO template and
vacuum was applied for 5 minrat to assist infiltrationnto the poresAfterwards, a PET film,

which was modified with vinyltrimethoxysilanend 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 UVlight (365 nm) for 30 min to polymerize the PFPA. The sacrificial AAO

was removed in subsequent stepsstFialuminum was removed by a CeBCI (0.02M)

solution with an ice bath, and then aluminum oxide was removed by 10 wt% phoshadr

solution at 45 € for h. Subsequently, the sample was washed with sufficient deionized water.
Before the water evapated, the sample was frozen by dipping it into the liquid nitrogen and

was placed in a freezdrying station for several days.
5.8 Surface modification of PPFPA nanopillars

Spiropyranamine (5 wt%) was dissolved in methanol and stirred for several daysaun
homogeneous solution was obtained. The-fteeding nanopillars were immersed in the
solution for 18 h under ambient conditions, and then washed witbhnded water and
methanol. The freezérying technique was applied to prevent the collapsaeohanopillars.
For the photasomerization of spiropyran, ¢hsample was irradiated with Ulght (254 nm)

for 20 min.
5.9 Fabrication of PNVCL nanostructured thin films

To prepare a solutiomN-vinylcaprolactam(NVCL) (679 mg), 1,6hexanediol diacrylatél15
mg), and ¢phenyl (2,4,6trimethylbenzoyl) phosphine oxide (TPO) (34n§) were dissolved

in 1 g methanol, and the mixtureaw stirred at r.t. for-83 hunder darkAfter then, he NVCL
solution (30¢l) was dropcasted ont@ prepared AAQemplate, ad the solution was spin
coated at 2000 rpm for 15 sédterwards UV light (365nm) was irradiatednto the surface
for 1 hto polymerize NVCLAluminum of AAO template was removed by Cgy8ICI (0.02
mol) solutionat 45C and washed bgxcesDI water. A etched samples wetkenplaced in
10wt% HzPQs solution at 45°C for 1 30min. To keep the temperature consistently, the water

bath was used.
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5.10Adsorption and release of dye and drug

The nanostructured PNVCL thin film was placed in RhodamiselBtion (1.75 103 g/L) or
Aspirin (acetylsalicylic aciyl solution (0.25 X103 g/L) in water and stirred constantly rat..
The amount ofdsorption oflyeor drugwasmonitored by UVvis spectroscopfor 24h. The
dye adorbed nanostructured PNVCLnHilm was washed with DI ater gently and put into
pure DI water andheated at 36°C or 50C. He release of dye wagcorded by UWis

spectroscopwp to certain time.
5.11Fabrication of TPT molds

Trimethylolpropane mpoxylate(2 PO/OH) tiacrylate(TPT) was mixed with Zhydraxy-2-
methytpropophenone (photoni t i at or) in a volume ratio 95
TPT solution was dropasted onto the AAO template, and the vacuum was applied on the
template for 5min. 20 to 39 | T P Ton wase Inaret drepasted, and a glass having SAM

was covered on top of template.rRbe polymerization of TPT, UVight (365 nm) was
irradiated for 1 h. After one day, the sacrificial AAO template was removed by phosphoric acid.

5.12 Fabrication of physicdly bonded block-like nanorods

A 20 wt% styrene solutionwith 1,6hexanediol diacrylate (2t%) and diphenyl (2,4:6
trimethylbenzoyl) phosphine oxide (TPO) (0w&%) in ethanol was dropast onto an AAO
template andpincoated at 2000 rpm for 15 sec. After them $ityrene 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 with6-hexanediol diacrylate (wt%) and
diphenyl (2,4,érimethylbenzoyl) phosphine oxide (TPO) (Owt%) in methanol was then
dropcast ontdhe PShanorodsandspin-coated at 9000 rpm for 15 sé&V light (365 nm)was
irradiatedfor 30 min to polymerize the NIPAM

5.13 Fabrication of chemically bonded blocklike nanorods

5.13.1 Chemically bonded nanorods by using APTES

A 20 wt% styrene solutionvith 1,6hexanediol diacrylate (2t%) and diphenyl (2,4;6
trimethylbenzoyl) phosphine oxide (TPO) (0w2%) in ethanol was dropast onto an AAO
template angpin-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 nawveasdfirectly immersed

in a0.4 %APTES solution in DI water fat5 minat r.t A 40 wt% NIPAM solution with PFPA

(20 wt%), 1,6-hexanediol diacrylate @t%), and diphenyl (2,4 8rimethylbenzoyl) phosphine

oxide (TPO) (0.4vt%) in methanol was then dragast ontothe modified P$ianorodsaindthe
template was pressed by a rsiructured PDMS pad. Subsequenth/ light (365 nm)was

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

A 20 wt% styrene solutionvith PFPA (10 wt%),1,6-hexanediol diacrylate (%), and
diphenyl (2,4,6rimethylbenzoyl) phosphine oxide (TPO) (0w2%) in ethanol was dropast

onto an AAO template ansbincoated at 2000 rpm for 15 sec. After therg #tyrene was
polymerized by UMight (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 80 wt% EDA solution in methandior 30 min and in a 40 wt%
NIPAM solution with PFPA (20 wt%}1,,6-hexanediol diacrylate %), and diphenyl (2,4;6
trimethylbenzoyl) phosphine oxide (TPO) (0:%) in methanol for 30mimt r.t.. Afterwards,

the template was spitoated at 5000 rpm fak5 sec to removexecessNIPAM solution.

SubsequentiyJV light (365 nm)was irradiatedor 30 min to polymerize the monomers
5.13.3 Chemically bonded nanorods by using EDA (2)

A 20 wt% styrene solutionvith PFPA (1 wt%), 1.&exanediol diacrylate (2t%), and
diphenyl (2,4,6trimethylbenzoyl) phosphine oxide (TPO) (0w2%) in ethanol was dropast

onto an AAO template ansbincoated at 2000 rpm for 15 sec. After therg #tyrene was
polymerized by UMight (365 nm) for 30 min, and the half of fabricajiPS nanorods was
subsequently etched by oxygen plasma. After then, the template containing the PS nanorods
was directly immersed in 802nvt% EDA solution in methanol for 1 h at. & PFPA solution

with 1,6-hexanediol diacrylate (1&t%), and diphenyl (,6trimethylbenzoyl) phosphine

oxide (TPO) (5vt%) was then drogast ontdhe modified P$ianorodsandthe template was
squeezed between two glasses with clip. Vacuum was applied for 2h at r.t., aféMtight

(365 nm)was irradiatedor 30 min topolymerize the PFPA
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5.14Fabrication of PPFPA nanowires

A solution of PFPA with 1#exanediol diacrylate (10nt%) and diphenyl (2,4;6
trimethylbenzoyl) phosphine oxide (TPO)W&%) was drop cast onto an AAO templaed
the template was squeezed between two glasses with a clip. Aftervazdem was apied
for 2 h at r.tto assist the infiltratioof the PFPA solution. After thetJV light (365 nm) was
irradiated for 30 min to polymerize the PFPA. The residRRFPAlayer on top of AAO

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

Aluminum was removed by a Cu@Cl (0.02M) solution with an ice batland therthe barrier
layerof AAO templatewas removed by CHeactive ion etching. Theeactive ion etching was
conducted at 0.16 mbar with 180W for11380 min.

5.16 Removal of barrier layer via wet-etching

After aluminum was removed as described abthe barrier layer was removed by 5 wt% or

10 wt% phosphoric acid solution at 30°C fgr to 50min and 7Imin, respectively.
5.17Tip modification of PPFPA nanowires

NBD-amine (001 wt%) was dissolved imethanoland stirred for several hours until a
homogeneous solution was obtained. The AAO template contaiifdPAnanowires with

one on end was immersed in the solution for 1 h under ambient conditions, and then washed
with methanoland deionized water. After the removal of barrier layer, the other end of
nanowires was modified with cresyl violet fluorescence @1 wt% cesyl viold was
dissolved ifmethanoknd stirred for several hours until a homogeneous solution was obtained.
The one side of AAO template which was modified with N&mine was covered by PET film

and tapes and the AAO template with the other open end was imnensetresyl violet
solution for 1 h. After sufficient washing, aluminum oxide which supports the nanowires was
removed by 10wt% phosphoricid solution at 45C for 1 hTo 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 @ P280+P?|’30353§ P35]
H319
GHSO07
P264, P270, P73,
2-hydroxy-2-methyt ®® H302, H400, P301+P312. P330
propophenone GHSO7 H410, H412 P391,P501
GHS09
H302, H315,
2-Hydroxy-5-nitrobenzaldehyde @ P305 + P351 +
H319 P38
GHSO07
H315, H319, | P28GP305 + P35]
2,3,3trimethylindolenine @ + P338P337 +
H335 P313
GHSO07
3-iodopropionic acid H314 PZE?DZ?;%%F;);l%sSl
GHSO05
o H302, H315, | p261p305 + P351
Acetylsalicylic acid + P338
H319, H335
GHSO07
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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
GHSO05
GHSO09
. . _ ‘® @ H302, H314, | pogoP305 + P351
Aminopropyltriethoxysilane + P338P310
GHS05 H317
GHSO07
@ P:201, 202 210,
220, 221, 260,
264, 270, 271,
GHSO05 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,
GHS03 H400, H410 333+313,
342+311, 363,
@ 370+378,
371+380+375,
GHSO08 391, 403+233,
405, 501
GHSO06
H315, H319,
CresylViolet perchlorate @ P26LE%0353; P35]
H335
GHSO07
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O©

Diphenyl(2,4,6 H317, H361,
trimethylbenzoyl) phosphine @ P280
oxide H411
GHS07,09
GHSO08
P:210, 233, 240,
@ 241, 242, 243,
260, 264, 270,
H226, 272, 280, 284,
Ethvienediamine GHS0507 | H302+H312, | 301+330+331,
y H314, H317, | 303+361+353,
@ @ H334 304+34,
305+351+338,
GHS08 02 310, 363,
403+235, 405, 501
P264, P270, P28(Q
N-isopropylacrylamide @ H302, H319 PSS;%SF;E(:)%EMZ,
GHSO7 P305+351+338
H302 + H312,| P26GP28GP301 +
N-vinylcaprolactam @ H317 H319 | P312 + P33@P305
H372 + P351 + P338
GH7, 08
@ P280, P264,
Oxalic acid H302, H312, | p305+351+310,
GHSO5 H318 P301+312,
P302+352, P501
GHSO07
H302+312+
Pentafluorophenol @ 332, H315, P280
H319, H335
GHSO07
@ H315 H319 P280, P302+352,
' ’ P304+340,
Pentafluorophenyacrylate 1335 P305+351+338,
GHSO7 P312, P321

97



Experimental section

Pentafluorophenyl @@ H226 H315 | pog1p305 + P351
trifluoroacetate H319,H335 + P338
GHSO02 07
® P216P280P303 +
P361 + P 4
GHS05.07 | H271,H29q | 7361+ P35330
Perchloric acid H302,H314 + P340 + P310
Hé73 ’ P305 + P351 +
@ @ P338P371 +P380
+ P375
GHSO08,02
P28GP303 + P36]
. . + P353P304 +
Phosphoric acid .@ H290,H314 P340 + P314P305
GHSO05 + P351 + P338
@ P2106P280GP304 +
H225,H302 P340 + P314P305
Piperidine GH2,05 | y311+H33] | +P351 + P338
H314 P370 + P3782403
+P235
GHSO06
H302 H318 | p273p280P305 +
Rhodamine B @
HA12 P351 + P338
GHSO05 07
P201P210GP26%
GH02, 07 H226,H315 P280GP304 + P34(Q
Styrene ' H319 H332 P312P308
H361d,H372 | *
@ : P313
GHS08
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Experimental section

P216P261P280
@ H225,H302, P303 + P361 +
Triethylamine GHS02, 05, 06 | H311 + H331 | P353P305 + P351
H314 H335 + P338P370 +
P378
Trimethylolpropane ppoxylate @ H315,H319 | p2g1P305 + P35
(2 PO/OH) tiacrylate + P338
GHSO07 H335
Vinyltrimethoxysilane @@ H225,H332 P210
GHS02,07
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Appendix

7.Appendi X

Appendix A. SEM images of tR& nanorods as a function of the concentration of styrene

solution in ethanol and the speed of spaating.
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