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Abstract 

“Synthesis and Nano-Patterning of 

Novel Stimuli-Responsive Polymers” 

 

Philipp Schattling 
Polymer Chemistry, Department of Chemistry 

The Graduate School 
Seoul National University 

 

In this thesis reactive ester polymers were utilized for both the preparation of 

novel multi-stimuli responsive polymers and for the fabrication of polymeric 

nano-objects. The reactive ester polymers were synthesized via the controlled 

radical RAFT polymerization technique, yielding in well-defined polymers 

with narrow molecular weight distribution and could be further modified with 

different amines in a subsequent post-polymerization modification. As a result 

highly-functionalized polymers could be obtained. This reactive ester 

approach was successfully applied for different individual projects: 

Dual-responsive poly(N-isopropyl acrylamide) (PNIPAM) polymers were 

synthesized, equipped with carbon dioxide (CO2) sensitive moieties based on. 

The tertiary amine side groups were able to form bicarbonate/ammonium 

complexes, when CO2 was passed through the polymeric solution. The 

formed complex rendered the polymeric system more hydrophilic, which in 

turn lead to an increase of the lower critical solution temperature (LCST). The 

full reversibility of the CO2 binding process was investigated by turbidity 

measurement and consecutive purging with either CO2 or argon.  

The principle of triggering the LCST by introducing stimuli-sensitive moieties 

was further enhanced and triple-responsive polymers were synthesized. Based 

on PNIPAM again, 4-amino-2,2,6,6-tetramethylpiperidine-1-oxyl (Amino-

TEMPO) and an amine-modified azobenzene were introduced to the polymer. 



 

Induced by the independent addressing of the amino-TEMPO (redox-sensitive) 

and azobenzene (light-sensitive) moieties, the extensive investigation of the 

LCST behavior revealed an even more complex LCST characteristic in 

contrast to the dual-responsive system. The quantity of the LCST was 

dependent on the stimulus, which was applied first to the polymeric system. 

Above that, the LCST could be fine-tuned by the degree of the oxidized 

TEMPO derivative present in the polymer. 

In contrast to the investigation of stimuli-responsive polymers in solution, the 

reactive ester strategy was transferred to polymer brushes, which could be 

obtained by a surface initiated RAFT polymerization, utilizing siloxane 

containing chain transfer agent (CTA) immobilized on a solid substrate. The 

fabricated reactive brushes of poly(pentafluorophenyl acrylate) (PPFPA) were 

further modified with a spiropyrane derivative. The resulting light-responsive 

wetting behavior could be monitored by determination of the contact angle. 

Furthermore, a photo-lithography technique was applied, caused by the photo-

degradation of the CTA. The resulting micro-pattern of polymer brushes was 

modified with a fluorescent dye and visualized by confocal laser scanning 

microscopy. 

The translation of stimuli-responsive polymers to nano-confined matter was 

accomplished by a template-assisted approach, utilizing anodic aluminum 

oxide (AAO). AAO substrates provide hexagonal ordered, mesoscopic pores, 

which were precisely adjusted by the anodization conditions.  

Multilayered covalently-bonded polymeric nanotubes were fabricated by an 

AAO-assisted layer-by-layer (LbL) approach, by the alternating deposition of 

PPFPA and poly(allylamine) within the nano-confined geometry. The nano-

tubes revealed remaining amine functionalities, which were further modified 

with the fluorescent dye rhodamine B in a subsequent post-modification and 

visualized by confocal laser scanning microscopy. The polymeric nanotubes, 

exhibited excellent resistance against any organic solvent and allow further 

modification by a post-modification. 



 

Finally, the funnel-shape of the AAO pores was exploited to fabricate hetero-

structured Janus Particles. The particles, comprising of an isotropic silica 

sphere and an anisotropic polymer rod, were fabricated by wetting the AAO 

substrate with both a siloxane- and a reactive ester containing polymer, 

followed by the deposition of the silica particles on top of the AAO substrate. 

The subsequent thermal annealing ensured the covalent linkage of the 

inorganic to the organic part.  

The results suggest the potential for the fabrication of highly functionalized 

stimuli-responsive softmatter and hybrid nano-objects, which can be utilized 

in both research and diverse applications. 

 

Keywords: reactive ester, post-polymerization modification, stimuli-

responsive polymers, anodized aluminum oxide, layer-by-layer deposition, 

hetero-structured nano-objects 
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Abstract in German 

 

In dieser Arbeit wurden auf Reaktivester Acrylaten basierende Polymere  

sowohl für die Synthese neuartiger Stimuli-responsiver Polymere, als auch für 

die Herstellung von polymeren Nanoobjekten verwendet. Der synthetische 

Zugang setzte sich aus zwei Schritten zusammen: Zunächst erfolgte die 

kontrolliert-radikalische RAFT Polymerisation der Reaktivester Acrylate, die 

zu definierten Polymeren mit enger Molekulargewichtsverteilung führte. 

Durch die anschließende Polymer-analoge Umsetzung mit verschiedenen 

Aminen konnten schließlich hoch-funktionalisierten Polymere erhalten 

werden. Der Reaktivester Ansatz wurde für verschiedene individuelle 

Projekte verwendet: 

Es wurden dual-responsive Poly(N-Isopropyl acrylamid) (PNIPAM) 

Polymere  mit Kohlenstoffdioxid (CO2) empfindlichen N’,N’-

Dimethylaminopropylamin (DMPA) Seitengruppen hergestellt. Tertiäre 

Amine sind bekannt für ihre Fähigkeit Hydrogencarbonat/Ammonium 

Komplexe auszubilden, sobald CO2 durch eine entsprechende Polymerlösung 

geleitet wird. Dieser Komplex erhöhte die Hydrophilie des Systems, was zu 

einem Anstieg der unteren kritischen Lösungstemperatur (lower critical 

solution temperature, LCST) führte. Die vollständige Reversibilität des 

Vorgangs konnte durch abwechselndes Begasen mit CO2 und Argon mittels 

Trübungsphotometrie nachgewiesen werden. 

Das Prinzip, den LCST durch den Einbau von Stimuli-responsiven Gruppen 

ansteuern und verändern zu können, wurde erweitert und triple-responsive 

Polymere synthetisiert. Erneut wurden PNIPAM Systeme hergestellt und mit 

4-Amino-2,2,6,6-tetramethylpiperidin-1-oxyl (Amino-TEMPO) sowie Amin-

modifiziertem Azobenzol in das Polymer eingebaut. Aufgrund dessen, dass 

das Amino-TEMPO (Redox-sensitive) und das Azobenzol (Licht-sensitive) 

unabhängig voneinander stimuliert werden konnten, erwies sich das LCST 



 

Verhalten im Vergleich zum dual-responsiven Analogon als wesentlich 

komplexer. Die erreichte LCST war dabei abhängig von dem Stimulus, der 

zuerst auf das System einwirkte. Darüber hinaus konnte die LCST durch die 

Menge an oxidiertem TEMPO im entsprechenden Polymer fein eingestellt 

werden. 

Die Reaktivester Strategie wurde zusätzlich auf Polymerbürsten angewandt. 

Diese wurden in einer Oberflächen-initiierten RAFT Polymerisation mit Hilfe 

eines immobilisierten Siloxan-haltigen Kettentransferreagenzes (CTA) 

erhalten. Die synthetisierten reaktiven Poly(pentafluorophenyl  Acrylat) 

(PPFPA) Bürsten wurden daraufhin mit einem Spiropyran Derivat modifiziert 

und deren Licht-responsive Benetzbarkeit durch die Bestimmung des 

Kontaktwinkels verfolgt. Die Zersetzbarkeit des CTA erlaubte zusätzlich die 

Anwendung einer Photolithographie Methode. Die erhaltene 

Mikrostrukturierung der Polymerbürsten wurde mit einem 

Fluoreszenzfarbstoff modifiziert und konnte mittels konfokaler Laser Raster  

Mikroskopie visualisiert werden. 

Die Übertragung von Stimuli-responsiven Polymeren auf nanostrukturierte 

Materialien erfolgte mit anodisierten Aluminiumoxid (AAO) in einem 

Template Prozess. Die AAO Substrate bieten hexagonal strukturierte, 

mesoskopische Poren, deren Dimensionen präzise eingestellt werden konnten. 

Mehrlagige, kovalent gebundene polymere Nanoröhren wurden in einer 

AAO-assistierten Schicht-bei-Schicht (layer-by-layer, lbl) Methode erhalten, 

in der nacheinander PPFPA und Poly(allylamin) innerhalb der Nanoporen 

abgeschieden wurden. Die erzeugten Nanoröhren enthielten verbleibende 

Amin Funktionen, die für eine weitere Modifizierung mit dem 

Fluoreszenzfarbstoff Rhodamine B verwendet und mit konfokaler Laser 

Raster Mikroskopie charakterisiert werden konnten. 

Zudem wurde der Trichter-artige Aufbau der AAO Poren ausgenutzt um 

hetero-strukturierte Janus Partikel herzustellen. Die Partikel bestanden aus 



 

einer isotropen Silikakugel und einem anisotropen polymeren Stäbchen. 

Deren Herstellung wurde  durch die UV-Vernetzung eines Siloxan- und 

Reaktivester-haltigen Polymers innerhalb der Poren des AAO Substrates, 

gefolgt von der Ablagerung der Silikapartikel auf dem AAO Substrat und 

einer abschließenden thermisch induzierten Verlinkung des anorganischen mit 

dem organischen Part realisiert. 

Die Ergebnisse lassen ein Potential für die Herstellung von hoch 

funktionalisierten Stimuli-responsiven weichen Materialien und hybrid 

Nanoobjekten erahnen, die die in der Forschung und auch in diversen 

Anwendungsbereichen Verwendung finden können  

  



 



 

Abstract in Korean 

 

본 논문에서는 새로운 다반응성 고분자의 형성과 고분자를 이용한 

나노물질의 제작을 위해 활성화된 에스터 고분자를 사용하 다. 활성화된 

에스터 고분자는 제어된 라디칼 RAFT 중합을 통해 낮은 분자량 분포를 

가지는 고분자로 합성되어졌다. 이러한 고분자들은 다른 종류의 아민과 함께 

후-중합 개질과정 (post-polymerization modification)을 통해 개질되었다. 

결과적으로 적절히 개질화된 고분자를 얻을 수 있었으며, 이러한 활성화된 

에스터 고분자는 다른 여러 연구에 성공적으로 적용되어졌다. 

쌍 반응성의 poly(N-isopropyl acrylamide) (PNIPAM) 고분자를 

이산화탄소에 민감한 일부분을 가지는 N,N‘-dimethylaminopropylamine 

(DMPA)를 도입하여 합성을 하 다. 3차 아민 그룹은 이산화탄소가 고분자 

용액을 통과할 때 중탄산염/암모니아 착물을 형성할 수 있었다. 형성된 

착물은 고분자 시스템을 더욱 친수성으로 만들어 Lower Critical Solution 

Temperature (LCST)를 증가시키는 역할을 하 다. 완전한 가역성을 가지는 

이산화탄소 결합 반응을 탁도 측정과 연속적인 이산화탄소 또는 아르곤 가스 

주입을 통해 연구하 다.  

외부 반응에 민감한 일부분을 첨가함으로써 LCST가 향을 받는 현상을 

더욱 세밀히 연구하 고, 세가지 반응에 향을 받는 고분자를 합성하 다. 

PNIPAM을 바탕으로, Amino-TEMPO와 아민으로 개질된 azobenzene을 

고분자에 첨가하 다. 집중적인 LCST 습성 연구 결과, 쌍 반응성 고분자에 

비해 산화 환원에 민감한 Amino-TEMPO와 빛에 민감한 azobenzene을 



 

포함한 고분자가 더욱 복잡한 LCST 거동을 가진다는 것을 확인 할 수 있었다. 

LCST 변화량은 고분자 시스템에 가해진 자극에 의존하 다. 무엇보다, 

LCST는 고분자에 존재하는 산화된 TEMPO 유도체의 정도에 따라 세밀하게 

조정되었다. 

용액 상에서의 반응성 고분자에 대한 연구와 더불어 활성화된 에스터 고분자 

브러쉬에 대한 연구도 진행되었다. 고분자 브러쉬는 기판에 trialkoxy 

silane으로 개질된 연쇄 이동제 (Chain Transfer Agent; CTA)를 고정화 한 

후, 표면 개시 RAFT 중합을 통해 만들어 졌다. 제작된 

Poly(pentafluorophenylacrylate) (PPFPA) 반응성 브러쉬는 spiropyrane 

유도체와 함께 개질되었다. 빛에 반응성을 가지는 고분자 브러쉬의 젖음 

현상은 접촉 각의 변화를 통해 측정되었다. 더 나아가 포토리소그래피를 

적용함으로써 고분자 브러쉬에 마이크로 패턴을 식각한 후 형광 염색체를 

도입하여 공초점현미경을 통해 시각화 하 다.  

반응성 고분자를 나노 물질로 제작하기 위해 Anodic Aluminum Oxide 

(AAO)를 이용한 기판 공조 기법을 사용하 다. AAO 기판은 양극 산화 

조건을 조절함으로써 육방정계의 메조스코픽 홀을 가지게 된다.  

다층의 공유결합된 고분자 나노튜브를 Layer-by-layer (LbL) 공법을 통해 

AAO를 이용하여 제작하 다. 나노 크기의 홀에 PPFPA와 

poly(allylamine)을 번갈아 적용함으로써 나노튜브를 만들 수 있었다. 나노 

튜브에 존재하는 아민 그룹을 형광 염색체 로다민 B (Rhodamine B)로 

개질함으로써 공초점현미경을 통해 시각화할 수 있었다. 고분자 나노튜브는 



 

어떤 유기용매에도 강한 저항성을 보임으로써 후-개질 과정이 가능하다는 

것을 보여주 다.  

마지막으로 깔대기 모양의 AAO 홀을 이용하여 헤테로 구조의 야누스 입자를 

제작하 다. 등방성 실리카 파티클과 이등방성 고분자 막대로 이루어진 

야누스 입자는 AAO 기판에 trialkoxy silane과 활성화된 에스터 고분자를 

적용한 후 실리카 파티클을 그 위에 도포함으로서 제작되어졌다. 이어진 

열경화 과정이 무기성 실리카 파티클과 유기성 고분자 막대를 공유결합이 

가능하도록 하 다.  

이러한 결과는 고 기능화된 반응성 무른 물질과 혼성 나노 물체의 제작이 

가능함을 시사하며 다양한 응용 분야에 적용가능하다는 것을 보여준다. 

학번: 2012-31265 
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Abbreviation 

 

AAO anodized aluminum oxide 

AIBN azo-bis-(isobutyronitrile) 

ATRP  atomic transfer radical polymerization 

CRP  controlled radical polymerization 

CTA  chain transfer agent 

dB  thickness of the barrier oxide layer 

dint  interpore distance 

dw  wall thickness  

E  electric field 

EDANS 5-((2-aminoethyl)amino)naphthalene-1-sulfonic acid 

EPR  electron paramagnetic resonance 

DG  free energy 

H  enthalpy 

LB  langmuir-blodgett 

LbL  layer-by-layer 

LCST  lower critical solution temperature 

lp  pore length 

NHSA  N-hydroxy succinimide acrylate 

NHSMA  N-hydroxy succinimide methacrylate 

NIPAM  N-isopropylamine 

NMP  nitroxide mediated polymerization 

NMR  nuclear magnetic resonance 



iv 
 

 

Pn
●  propagating chain 

PAA  poly(acrylic acid) 

PAH  poly(allylamine hydrochloride) 

PAN  poly(aniline) 

PFPA  pentafluorophenyl acrylate 

PPFPA  poly(pentafluorophenyl acrylate) 

PFP4VB pentafluorophenyl -4-vinylbenzoate  

PSS  poly(sodium vinylsulfonate) 

R  residue 

RAFT  reversible addition-fragmentation chain transfer polymerization 

S  entropy 

T  temperature 

TEMPO 2,2,6,6-tetramethylpiperidine-1-oxyl 

Uapp  applied voltage  

  



- 1 -오류! 여기에 표시할 텍스트에 Überschrift 1 을(를) 적용하려면 [홈] 탭을 

사용하십시오. 

 

 

1 Introduction 

 

Nowadays it is impossible to imagine the world without polymers, because polymers are 

everywhere. Bottles, food, clothes, cosmetics and even innovative body tissues are made of 

polymers. This proceeding marching in our today’s life puts high demands on polymeric 

materials. As an example, in the olden days mankind was already satisfied with the properties of 

Nylon, which found application as material for tooth brushes, women undergarments and 

parachutes. But these days polymers became smart materials, which are able to shrink or expand, 

to change their optical properties or to change their electrical properties in dependence of 

environmental changes. This development may be explained by the transfer of our society’s 

self-understanding to material science: today we don’t want to adapt to the polymer; today the 

polymer shall adjust to our demands. The necessity or desire of smart polymers reflected in the 

rising number of publications (a tenfold increase within the last decade) and manifests itself in 

the indispensability in our life. 

1.1 Smart Polymers 

 

Polymeric materials, which undergo a change in their physical or chemical behavior as a 

response to an external stimulus, are considered as stimuli-responsive polymers. Basically their 

properties are determined by the functional groups present within or in the polymer chains. 

Important stimuli which are utilized are temperature,1–3 pH,4–6 light,7–9 electron transfer (called 

redox as well)10–12 and host-guest interactions.13–15 While in the beginning the focus was laid on 

the investigation of one responsive moiety, over the years it shifted to polymers bearing several 

sensitive functions within one polymer.16–19 This development may be explained by the rapid 

progress in polymer synthesis, but is also evidence for the demand on a high degree of precision 

and reliability of the polymeric compound. Especially in life science, the combination of several 

stimuli-responsive groups is important, since in nature the change of a macromolecular behavior 

is usually not induced by a single stimulus alone, but rather a consequence of the influence of 

several environmental changes.20 In consequence, dual- or multi-stimuli responsive polymers as 

the starting point to more sophisticated applications have attracted significant research interests, 

due to the variability that is introduced to the responsiveness.21,22 
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1.2 Lower Critical Solution Temperature 

 

In their phase diagram of some macromolecules is a region where the enthalpic 

contribution of the water molecules, hydrogen bonded to the polymer, becomes less than the 

entropic gain of the whole system. When considering the free energy DG, there are two 

contributions: the enthalpy DH, which describes the polymer-solvent interactions (hydrogen 

bonding) and favors dissolution. Secondly, the entropy term DS. In contrast to DH, the 

organization of the solvent to maintain the hydrogen bonding is unfavorable in respect to the 

entropy. Both contributions are correlated to the free energy of dissolution according to 

following equation: 

DG = DH - TDS (1) 

Equation (1) clarifies, when increasing the temperature, the value of DG may change 

from negative (favorable) to positive (unfavorable). As a consequence, the polymer precipitates 

and exhibits a so-called lower critical solution temperature (LCST) behavior.23–25 

 

 

Figure 1: Schematic phase diagram of a polymer binary solution including an LCST 

Since stimuli-responsive groups change their structure after exposure to a stimulus (e.g. 

photo induced isomerization, protonation, reduction etc.), they additionally strengthen or 

weaken the interactions with the surrounding solvent molecules. As a consequence, by 

introducing stimuli-responsive moieties to the polymer, the existing LCST can be reversible 

lifted or reduced according to the desired demand and depends on the impact of the externally 

applied stimulus towards the stimuli-responsive moiety.26–28  
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1.2.1 Turbidity Measurement 

 

When investigating smart polymers, most commonly the reversible change of the lower 

critical solution temperature (LCST) is investigated. The temperature induced phase separation 

behavior can easily be monitored with a cloud point measurement setup, as illustrated in figure 

2. The transmittance of a light beam is recorded as function of temperature. Below the LCST the 

solution is clear and the monitored transmission is almost equal to the intensity of the incident 

light beam, slightly weakened only by the solvent. As soon as the temperature approaches the 

LCST the polymer starts to precipitate, due to the transition from the solubilized coiled to the 

globular conformation.23,29 As a consequence, the solution turns turbid and the transmittance 

decreases. Because the transition is usually sharp and occurs in a narrow window only, it is 

generally accepted to define the LCST at the temperature a transmittance of 50% is 

observed.30,31 

 

 

Figure 2: Schematic illustration of the turbidity measurement setup. The transmission is recorded in 

dependence on the temperature. Near the LCST the solutions turns opaque, which is recognized by the 

decreasing transmission. The temperature, where the transmission traverses 50%,  is considered as LCST. 

 

1.3 Reversible Addition Fragmentation Chain Transfer Polymerization 

 

Since the advent of controlled radical polymerization (CRP) techniques, a versatile 

toolbox was found that allows the production of polymers with similar characteristics, which 

were only accessible previously by anionic and cationic polymerization. The obtained polymers 
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have a molecular weight that is predetermined by the ratio of monomer to chain transfer agent 

and conversion. They have a very narrow polydispersity and can be further utilized for chain 

extension polymerizations that eventually leads to block copolymers.32,33 The most important 

techniques are the nitroxide mediated polymerization (NMP),34–36 atom transfer radical 

polymerization (ATRP)37–40 and reversible addition-fragmentation chain transfer (RAFT) 

polymerization41–43. Although ATRP is considered to be the most versatile among all CRP 

methods,32,38 RAFT polymerization can be applied for a wide range of monomers, because the 

procedure is very similar to the free radical method and the final product does not require any 

labor-intensive purification to remove metallic catalysts.44–46   

 

Figure 3: Molecular structure of chain transfer agens  and the corresponding radical intermediate.47,48 

 

In general, the RAFT process involves a free radical polymerization in the presence of a 

chain transfer agent (CTA).49 Most commonly thiocarbonyl thioester derivatives are used as 

CTA reagent45,48,50 (Figure 3). The Z group strongly influences the stability of the thiocarbonyl 

thio radical intermediate. Strong stabilizing groups promote the formation of the radical 

intermediate by activating the C=S bond and thus enhancing the radical addition. If Z cannot 

stabilize the carbon-based intermediate properly, the fragmentation occurs too fast, which may 

result in a poor control of the polymerization. As a consequence Z must be fine-tuned in order 

to make sure, that Z ensures both the stabilization and the proper fragmentation of R. In contrast 

R is required to be a better leaving group than the propagating chain Pn and a good re-initiation 

group towards the monomer at the same time.47,48 

Figure 4 shows the general mechanism: the “living” character of the polymerization is 

maintained by the continuous addition-fragmentation equilibrium. I.e. the propagating chain (Pn) 

attacks the CTA. The formed CTA radical intermediate in turn releases the residue R, which 

transfers the polymerization to another chain (Pm) reversibly. Summarizing, during RAFT 

polymerization the polymer chain is inserted between the residue R and the dithioester. 
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Figure 4: Mechanism for RAFT polymerization. (1) Same initiation as in free-radical polymerization. (2) The 

radical attacks the CTA and forms a radical intermediate, which fragments a new re-initiation group R. (3) 

The liberated radical re-initiates polymerization by reaction with the monomers. (4) The control over the 

molecular weight and molecular-weight distribution is warranted by the continuous addition-fragmentation 

equilibrium. (5) Irreversible combination or disproportionation termination reactions still occur.42,50 

 

1.4 Reactive Polymers 
 

Despite the advent of controlled radical polymerization techniques and the continuous 

evolution of initiators and catalysts, showing tolerance against almost all functional groups, 

there are still many functionalities that cannot be introduced by direct polymerization of the 

respective functional monomers. One prime example is the polymerization of monomers 
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bearing radical moieties. The paramagnetic character behaves like a radical scavenger and trap 

initiating radicals and inhibit the propagation.51,52 As a result, radical polymerization techniques 

are not applicable at all. For that reason the radical moieties need to be protected before 

polymerization or the monomeric precursor must be transferred to the radical species afterwards. 

Usually, these strategies lead to a decreased radical density, due to a incomplete conversion or 

decomposition of the radial during the deprotection reaction.53–56 

 

Figure 5: Chemical structures of activated ester monomers, discussed within this chapter 

 

In this context the controlled synthesis of reactive polymers in combination with a 

successive post-polymerization modification step is a powerful tool, because virtually any 

functionality can be easily introduced. The utilization of reactive polymers is particularly 

exciting in combination with modern polymerization methods (illustrated in Figure 6), since 

well-defined molecular architectures are accessible, which could not be obtained previously. 

Ester-based reactive polymers established as an important class, since they exhibit a 

high reactivity towards primary and secondary amines, leading to a stable amide linkage to the 

polymeric backbone.57–59 Since their discovery N-hydroxy succinimide acrylate (NHSA) and N-

hydroxy succinimide methacrylate (NHSMA) derivatives found most extensive use, because 

such NHS derivatives are easy to synthesize and exhibit a high stability and reactivity even 

under mild conditions.60–62 However, the limited solubility of poly(NHSA) is a notable 

disadvantage. An improved processability can be achieved with an activated ester polymer 

based on pentafluorophenyl acrylate (PFPA) and its methacrylate analogous (PFPMA). These 

polymers show a good solubility in most common organic solvents and due to their high 

fluorine content, conversions can easily be followed by 19F NMR measurements.63–65 



- 7 -오류! 여기에 표시할 텍스트에 Überschrift 1 을(를) 적용하려면 [홈] 탭을 

사용하십시오. 

 

 

Most commonly, research focuses on activated ester derivatives based on acrylates and 

methacrylates. But due to the excellent properties of styrene based polymers, it is highly 

desirable to link reactive moieties to poly(styrene). The incorporation of activated ester moieties 

yields in an additional functional flexibility, which significantly broadens the range of 

applications for poly(styrene). Inspired by this idea reactive monomers were synthesized 

recently, exhibiting structural similarities to styrene.64,66 Especially the pentafluorophenyl 4-

vinylbenzoate (PFP4VB) activated ester combines two features: first, the previously mentioned 

styrene architecture and second, the additional phenyl ring compared to the PFPA monomer 

increases the reactivity of the carbonyl carbon dramatically. Using PFP4VB even the conversion 

with aromatic amines is feasible.64,67 

The post-polymerization modification of activated ester polymers can be considered as a 

classical “click-chemical” reaction,68 because the reaction proceeds very fast, even under mild 

conditions (room temperature) and (usually) quantitatively. The cleaved ester results in the 

release of an alcohol, which can easily be removed by dialysis or extraction. Compared to the 

quite popular 1,3-diploar cycloaddition, the utilization of activated esters provides one more 

advantage: the reaction does not require an auxiliary metal catalyst, which must be removed 

after the conversion.69,70 

 

Figure 6: Schematic representation of the preparation of well-defined and highly functionalized polymers: the 

synthesis of the activated ester polymer precedes the subsequent post-polymerization modification. Slightly 

modified from the reference.59 
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1.5 Stable Organic Radicals 
 

Organic radicals are well-known for their high reactivity, which is simply a reflection of 

the fact that their deactivation pathways, namely dimerization, disproportionation and hydrogen 

abstraction, are thermodynamically favored. Despite the short life time of radicals and their high 

reactivity, Fremy published his discovery of the first stable nitroxide radical over 150 years 

ago.71 Since then hundreds of subvalent compounds have been synthesized, which can be 

handled under ambient conditions and stored over years.72–75 Stable radicals find application in 

electron paramagnetic resonance (EPR) imagining,76,77 spin labeling78 and spin trapping79,80. 

They can be used as metal free catalyst,81,82 antioxidants and have been a source of inspiration 

for research into molecular-based high-technology, such as organic magnets83,84 and organic 

memory devices.85  

The molecular architecture can provide a versatile handle to stabilize the radical. In 

general the molecular skeleton has two important features: on one hand it should stabilize the 

spin and on the other hand it can be used for tailoring the physic-chemical properties by 

modulating the electronic structure and thus the intermolecular interactions.74,75 Steric hindrance 

for example suppresses dimerization and reaction with oxygen quite effectively, but influences 

the crystal structure and the spin-spin interactions as well.  

 

Figure 7: General structural architecture of stable organic radicals. Nitroxide based radicals are the most 

well-known class of radicals, like tetramethyl piperidine-1-oxyl (TEMPO). Nitronyl Nitroxide radicals contain 

all necessary features for stability (no a-hydrogen, steric hindrance etc.). Verdazyl radicals are among the 

most robust of all stable radicals and do not necessarily require bulky substituents.74 
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Very recently nitroxide based radicals attracted attention as electroactive materials.53,86,87 

The electron resides in an antibonding NO p*orbital, i.e. there is a substantial spin density on 

both N and O atom. Interestingly this single electron can be removed in a reversible manner. 

This oxidation leads to an oxoammonium cation. The sufficiently fast rate-constant of the one 

electron transfer reaction (10-1 cm/s) in combination with the high reversibility suggested the 

potential use in rechargeable energy storage devices.88–90 

1.6 Polymer Brushes 
 

Polymers that are tethered with one chain end either through a covalent linkage or by 

physical adsorption to a solid substrate are regarded as polymer brushes.91–93 Since the physical 

adsorption may lead to a detachment of the brushes in different solvents, the covalent anchoring 

is the preferred choice in most cases.93 Basically there are two methods for the fabrication of 

polymer brushes: the “grafting-to” approach on one hand involves the chemical or physical 

attachment of pre-synthesized polymers on a substrate. In contrast, the “grafting-from” strategy 

requires a surface that is modified with an initiator, which allows a direct polymerization. 

Although the “grafting-to” approach appears to be more straightforward, it is very difficult to 

obtain thick and dense packed polymer brushes, due to repulsion forces between neighboring 

chains. Additionally, the reaction efficiency between the polymer end-group and the surface 

anchor group is decreasing with increasing molecular weight.91 In comparison to the previously 

mentioned method, the surface-initiated polymerization (“grafting-from”) allows the formation 

of dense polymer brushes and can be applied for almost all polymerization techniques available, 

such as CRP.93 

Recently polymer brushes received extensive attention, due to numerous applications 

they can be used for, ranging from drug-delivery94 and protein immobilization95 to stimuli-

responsive coatings96 and ion-sensors97. But despite the development of techniques for the 

fabrication of polymer brushes, the synthesis of high-functionalized brushes is still challenging. 

In this context it would be highly desirable to find a platform, allowing the preparation of 

polymer brushes, which can be post-modified subsequently according to the desired demand. 

And indeed some reports already exist, utilizing NHS modified monomers for the synthesis of 

polymer brushes, which could be aminolyised subsequently.98,99 Although the NHS-based 

brushes were implemented successfully, exciting opportunities remain to develop novel and 

more efficient post-modification methods. 
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1.7 Polymeric Nano-arrays by the Utilization of Nano-porous Aluminum Oxide 

 

Recently tremendous efforts were put in the investigation in the feasibility of well-

defined and ordered nanometer sized structures, due to their potential application in electronic, 

optical and sensing devices.100-104 Additional these structures found application in templating 

strategies, because by utilizing nano-porous materials such as anodized aluminum oxide (AAO), 

the self-organized structure can be transferred to virtually any material. Using this strategy a 

high degree of precision on a nanometer scale can be applied to materials, which could not be 

realized before. This is applicable for both hard and soft matter.105,106 Exceptional by interesting 

is the template approach in polymer science. Although polymer chemist found that block 

copolymers feature a phase separation resulting in different morphologies, the adjustment of a 

specific morphology may be time consuming, as the self-assembly strongly depends on the 

degree of polymerization, enthalpic interactions between each block and the composition of the 

diblock copolymer.107,108 In this context the application of nano-templates proves to be an 

efficient, inexpensive and reliable strategy for the preparation of individually adjustable soft 

matter structures on the nanometer scale.  

Beside the previously mentioned AAO, there are ion-track etched membranes, 

mesoporous silica, different oxides like anodized titanium oxide and even block copolymer 

structures comprising a library of substrates suitable for templating approaches.109,110 Despite 

the diverse choice of substrates, only AAO will be discussed and utilized within the scope of 

this work, due the higher significance and ease of synthesis in comparison to the other metals 

like Ti, Nb, Hf or Sn, which can be further used for the electrochemical formation of self-

organized pores as well.111 

1.7.1 Nano-porous Anodized Aluminum Oxide 

 

Anodized aluminum oxide has attracted great scientific and economical attention due to 

the ability of self-organizing into close-packed arrays of hexagonally arranged cells comprising 

a pore in each center. The pore diameter (dp), as well as the pore height can be easily tailored by 

the anodization conditions and choice of the electrolyte, making the AAO to a highly desirable 

nanostructure (Figure 8). 
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Figure 8: SEM images of AAO substrates, anodized within the self-ordering regime in different electrolytes. (A) 

anodization in 0.3 mol l-1 sulfuric acid at 25V, leading to dp=35nm and dint=65nm. (B) anodized in 0.3 mol l-1 

oxalic acid at 40V pores with dp=45nm and dint=100nm are obtained. (C) 1wt% phosphoric acid at 195V, pores 

are generated with dp=150nm and dint=500nm 

 

Well-ordered AAO substrates are achieved via a two-step anodization, following the 

procedure published by Masuda and Fukuda.112-114 In the first anodization step, disordered pores 

are formed, which slowly grow into a hexagonal lattice with proceeding anodization time. In a 

subsequent wet-chemical etching step, which is done in an aqueous solution of phosphoric acid 

(6wt%) and chromic acid (1.8wt%), the formed aluminum oxide layer is removed and well-

ordered indentions on the aluminum surface remain. During the second anodization the 

indentions act as seeds for the pore nucleation, resulting in a hexagonally ordered array of 

porous aluminum oxide. 

However, in a typical anodization process the self-ordered pore structure can only be 

obtained within a small processing window. In general the anodization is conducted in sulfuric 

acid, oxalic acid or phosphoric acid as the electrolyte. For each electrolyte there is a specific 

concentration and value of the anodization potential, which should be applied to obtain the best 

well-ordered structure. When the anodization is performed outside of this self-ordering regime, 

a lack of spatial order of the nano-pores can be observed. Once the anodization voltage is 

significantly increased in a given electrolyte, the voltage leads in a catastrophic current flow, 

which in turn results in a local film thickening called “breakdown” of the oxide film.28,106,107 

Such constrains may be problematic, since the interpore distance dint is directly depending on 

the applied anodization voltage Uapp as expressed by equation (2).117,118 

2dp = dint = 2.5 × Uapp (2) 

As a consequence, it is not feasible to obtain every pore diameter. Although it is 

possible to widen the pore diameter after the anodization by exposure to acidic solutions, these 

limitations reduce the potential use of porous aluminum. To date various attempts have been 

made to explore new self-ordering regimes. Lee et al. introduced a “hard anodization” process, 
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which forms well-ordered structures much faster and in dimensions, which were not accessible 

using the “mild anodization” method from Masuda.119 But efforts were put in the application of 

different electrolytes as well. For example Gösele at al. investigated the use of malonic acid 

under hard anodization conditions and could obtain self-ordered pores in the voltage range 

between 125-140V.116 

Table 1 summarizes the most common electrolytes, the corresponding voltage and the 

obtained dimensions of the nano-porous aluminum oxide. 

Table 1: Conditions for anodizing aluminum oxide in various electrolytes, leading to well-ordered nano-porous 

structures 

 

Figure 9 shows the general structure of nano-porous anodized aluminum oxide. The 

pore diameter dp and the interpore distance dint are the most important parameters, since the 

properties of the obtained AAO mainly depend on them. Both dimensions are directly linked to 

the applied voltage Uapp, according to equation (2). The thickness of the thin and dense barrier 

layer (dB), formed at the pore bases, is related to dint. Nielsch suggested that for perfectly 

ordered hexagonal structures the proportional relationship is given by: 

dB ≈ 0.5 dint  (3) 

 This condition guarantees that no new pore is nucleated between two already existing 

ones.120 The length (lP) of the pores can be tailored by the duration of the anodization.     
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Figure 9: Schematic representation of the most important characteristics of the AAO membrane  

 

1.7.2 Formation of Anodic Aluminum Oxide 

 

The choice of the electrolyte has a strong effect on the characteristic of the generated 

aluminum oxide. In general it is distinguished between two different types of oxide films: the 

barrier-type and the porous-type oxide.121 

Homogenous, non-porous barrier-type films are formed in electrolytes in which the 

aluminum oxide is completely insoluble, such as ammonium borate, aqueous tartrate solutions 

or boric acid at near-neutral conditions (pH 5 – 7). In contrast, porous-type layers are anodically 

generated as soon as the oxide film is partial soluble in the electrolyte. Porous AAO formation 

is mainly reported for strong acidic electrolytes like phosphoric acid, oxalic acid and sulfuric 

acid.114,122,123 

The difference in the AAO formation is reflected in the properties of the film as well. 

The barrier-type is extremely thin and cannot exceed a thickness above 1 µm and thus finds 

application in the field of dielectric capacitors. However, the thickness of the porous-type 

depends on the applied voltage and time and can theoretically grow without limit.121 This 

feature makes the porous aluminum oxide especially interesting in nano-science. 

Since the 1930s several mechanisms of the porous growth were proposed.124-127 But still 

the physical factors which control the pore ordering, and the influence of the initial aluminum 
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on the order remains unclear. However, the mechanism can be well-explained by the equifield 

strength model.98,128,129 

It is generally accepted that two chemical processes are involved in the anodic 

development of the nano-porous structure of aluminum oxide: the first process is the dissolution 

of the Al2O3 at the oxide/electrolyte interface. This process can be expressed by: 

Al2O3 + n H2O ® 2 Al3+ + (3+n-x) O2- + x OH- + (2n-x) H+ (4) 

In reaction (4) n describes the ratio of the dissociation rate of water to the dissolution 

rate of the Al2O3 and x is considered as an index for the ratio of the produced O2- to OH-, which 

cannot be determined experimentally. 

While the dissolved Al3+ immediately diffuses into the electrolyte, the O2- and OH- 

anions migrate through the solid film to the metal/oxide interface and form the Al2O3. The 

oxidation of the aluminum represents the second process and is expressed by: 

2 Al + 3 O2- ® Al2O3 + 6 e- (5) 

2 Al + 3 OH- ® Al2O3 + 3 H+ + 6 e- (6) 

Comparing all three reactions, the dissolution (4) reduces the thickness of the oxide 

layer, while the oxidations (5) and (6) lead to an increase of the oxide layer. 

In a near-neutral electrolyte, the dissolution of the Al2O3 is very slow, leading to a 

continuous growth of the oxide layer according to reaction (5) and (6), if the field assisted anion 

migration carries on. But since the ionic migration is dependent on the strength of the electric 

field across the oxide film, there is a relationship between the oxide thickness d, the applied 

voltage U and the electric field E: 

E = U/d  (7) 

By using equation (7), for a constant value of U there is a critical value of the thickness 

dcritical, when the strength of the corresponding electric field Ecritical becomes too weak to maintain 

the anion migration. As a consequence the growth of the aluminum oxide layer eventually stops. 

According to the literature the corresponding value of U/dcritical is reported to be 0.7 V/nm.121 

The situation will be different, as soon as the anodization conditions are changed. When 

the anodization is performed in acidic electrolytes, the dissolution rate at the oxide/electrolyte 

interface is significantly improved. The strength of the applied electric field leads to an 

additional enhancement of the dissolution process, because the electric field promotes the 

polarization and impairment of the Al-O bond and thus supports the dissolution.127,128 In 
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addition, the strength of the electric field facilitates the migration of the O2- and OH- anions 

through the oxide layer and hence the oxidation rate. The oxidation rate is dependent on the 

reactions (5) and (6), which in turn are affected by the dissolution rate (4). This correlation leads 

to a steady state, which is featured by the balance between the oxidation and dissolution process 

under certain anodization conditions. 

As a matter of fact the surface of aluminum is not smooth at all and contains impurities, 

grain boundaries, dislocations or non-metallic inclusions.128 Furthermore, aluminum forms an 

aluminum oxide protecting layer, which is again rough and may contain defects. These pits or 

voids may also be formed, when Al3+ ions are ejected from the oxide surface.16,132 These point 

defects in the oxide film are responsible for the pore growth, as they result in the inhomogeneity 

of the electric field. 

 

Figure 10: Schematic representation of the pore formation proposed by the equifield strength model.131 (A) 

Planar oxide layer with a uniform thickness and uniform distribution of the electric field. (B) The irregular 

AL2O3 surface leads to an electric-field enhanced dissolution rate of the oxide layer in the convex geometry. (C) 

The indention from the oxide/electrolyte interface is replicated to the metal/oxide interface. (D) Formation of 

the cylindrical pore with a hemispherical bottom.  

 

As shown in figure 10 the electric field is much stronger in areas with concave surfaces, 

due to smaller resistance, which in turn is explained by the thinner oxide layer.116 As already 

mentioned above, the stronger the electric field the faster the dissolution rate. Therefore the 

oxide is dissolved significantly faster in the concave area, which leads to a pore nucleation and 
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growth.117 During the anodization the shape of the pit is replicated into the metal/oxide interface, 

since this is the only shape, which can achieve a uniform thickness and thus an equifield 

strength in the whole area.128 Because the electric field is equal at the wall as well as at the 

bottom, the pore can also grow sideways and might be able to increase its pore diameter. In 

order to understand the self-adjustment of the pores, as shown in figure 11, a two-pore model is 

used. When two pores are considered, which are well separated of each other, the pores expand 

according to the explanations mentioned above, downwards as well as sideways. Consequently, 

the pores will approach each other until the pore walls merge together. The combined wall 

thickness yields in 2dB, while the pore bottoms are still hemispherical. At the position B, which 

is considered as the joint position of the two hemispheres, the oxidation rate is dramatically 

increased, because the oxygen anions migrate from both sides. As a result B is shifted down to 

D, leading to a slightly decreased oxide layer 2dw and hence to a less perfect hemispherical 

shape (2Θ <180°) of the pore bottom.   

 

Figure 11: schematic representation of the two-pore model, explaining the self-organization of the pores. (A) 

two completely separated pores growing towards each other until their pore walls merge with a thickness of 

2dB. (B) at the connection point B of both hemispheres the oxidation rate is increased and leads to a down 

move to point D. (C) In order to recover a balanced electric field along the whole wall, the wall thickness 

decreases to 2dw (2dw<2dB) and the final shape is not perfectly hemispherical (spherical angle 2Θ<180°) 

 



- 17 -오류! 여기에 표시할 텍스트에 Überschrift 1 을(를) 적용하려면 [홈] 탭을 

사용하십시오. 

 

 

In the case of two pores being too close to each other, the pores tend to move apart in 

order to increase the wall thickness to 2dw. In summary, the pores compete with each other 

during the anodization process. They try to increase their pore diameter and try to restrain the 

growth of neighboring pores. This model, translated to a two dimensional ordering, can explain 

the self-organization of the pores into a closed packed hexagonal structure. 

Interestingly, the pore growth can be monitored experimentally by recording the current 

as a function of time. Figure 12 demonstrates this current-time transient. During the initial 

anodization period (I) the exponential decrease of the current is explained by the linear growth 

of the high resistance oxide barrier layer. In phase II the propagation of the corrosive pit starts. 

This slows down the exponential decrease and passes a minimum current. The further field-

enhanced oxide dissolution of the barrier layer at convex curvatures promotes the pore growth, 

leading to a rapid increase of the current (III). Finally, an improved organization is realized by 

pores merging together and growing downwards, induced by repulsive forces between the pores 

(III→IV). The obtained equilibrium between the oxide dissolution at the electrolyte/oxide 

interface and the oxide formation at the metal/oxide interface leads to a steady-state, 

maintaining the current density. Just a slight decrease can be observed, due to diffusion limits 

within the growing pores.111,116,132 

 

Figure 12: Typical current-time transient recorded during an anodization of aluminum (0.3m oxalic acid at 

40V). Phase I: forming of a thin oxide barrier layer. Phase II: propagation of the precursor pores (corrosive 

pits). Phase III: breakdown of the barrier layer and pore formation. Phase IV: steady-state growth and pore 

self-organization  
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1.7.3 Experimental Setup 

 

In Figure 13 the experimental setup used for the two-step anodization of AAO substrates 

is shown. Basically, it consists of two electrodes, which are connected to a power supply device 

with a computer interface. An aluminum disc is fixed between the electrolyte container and a 

copper disc embedded into a Teflon body, acting as the anode. The cap of the electrolyte 

container features three inlets for a thermometer, the mechanical stirrer, which ensures the 

homogenous cooling within the electrolyte, and the platinum electrode. Additionally, an 

ampere-meter is connected parallel to the circuit and connected to the computer as well. The 

whole container is surrounded by a cryostat cooling bath. This setup combined two advantages 

in one: first, a precise area of the aluminum can be anodized (anodization area 2.27 cm²), which 

features a better comparability of the current values between different anodization steps. Second, 

the edges of the aluminum plate are protected by a gasket and the container. As a result the 

edges do not participate in the anodization process, since they are not in contact with the 

electrolyte. The probability of local breakdowns at high voltages dramatically decreases. As 

mentioned above, breakdowns usually occur in consequence of an inhomogeneity of the electric 

field during the anodization – e.g. at the edges of the sample – and results in the complete 

replacement of the aluminum substrate.  

 

Figure 13: Schematic illustration (A) and image (B) of the self-build apparatus for the anodization of 

aluminum oxide showing a) platinum cathode, b) aluminum anode, c) thermometer and d) mechanical stirrer. 

Please note for clarity reasons the cabling are omitted in A. 
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1.8 Nanostructures by Infiltration of Nano-porous Templates 
 

In nano-science anisotropy is an important material feature, since it directly affects the 

chemical, photonic, mechanical and electronic properties of a nano-object. In this context, 

nanotubes are considered to have an outstanding potential in nano-science, because they 

combine the advantages of nanoparticles, like a large surface area and tunable size-dependent 

properties, with their anisotropic nature.133 Unfortunately, the precise preparation of nanoscopic 

tubular objects proves to be extremely challenging. Basically, there are two major strategies 

which are pursued: the self-assembly of precursor materials on the one hand and on the other 

hand the utilization of templates.  

Although self-assembly is a very elegant approach, there are some prerequisites towards 

the material, since the building blocks need to exhibit the intrinsic ability to self-assemble, like 

proteins or nano-aggregates of melamine and cyanuric acid. For that reason the range of suitable 

materials is limited. 

The second approach was introduced by Martin and involved a sol-gel procedure within 

nano-porous materials in order to obtain inorganic nanotubular structures.135,136 The method is 

based on the idea that the highly-ordered structure of the nano-porous substrate is replicated to 

the desired material. The infiltration technique of the cavities can further determine the final 

structure of the nano-cylinders, which be either hollow or solid. Beside the already mentioned 

sol-gel procedure, electrochemical polymerization137-139 and - deposition140-142, chemical vapor 

deposition143-145 and wetting of the template with precursor and polymers are most commonly 

applied. 

 

Figure 14: Schematic representation of the mechanism of pore wetting. A) The polymeric component is spread 

on a pore array. B) A film of the polymer rapidly wets the pore walls and nanotubes are obtained. C) 

Complete filling of the pore. Modified from Steinhardt133 
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Especially the latter infiltration technique, pioneered by Wendorff, evolved into a very 

versatile method, since the wetting of the porous material can be applied to nearly any material. 

Wendorff reported that the infiltration is basically driven by the differences of the surface 

energies between the oxide nano-porous substrate and the polymeric material:133,146,147 organic 

materials and a majority of polymers are considered as low surface-energy materials, whereas 

inorganic substances, such as polar oxides, exhibit high-energy surfaces.148,149 They proposed 

that the infiltration process is divided into two steps: when a polymer melt or polymer solution 

is brought into contact with the oxide substrate, it readily spreads over the surface and forms a 

thin layer, which covers the pore wall within seconds, even to a pore depth up to 100µm. After 

the wetting layer is formed the strong adhesive forces, caused by the differences in surface 

energies, are neutralized. The wetted state is kinetically stable and the cohesive forces, driving 

the complete filling, are much weaker and have to overcome the strong viscous forces of the 

entangled polymers.133,150 However, due to the more mobile molecules, which are not in contact 

with the pore walls, the cohesive forces may be sufficient to form a meniscus and finally 

complete the filling of the pore.147 Employing the described wetting technique, it is possible to 

fabricate well-ordered nano-objects even to various polymers, which have been impossible to 

nanostructure before.151-153 

 

1.9 Layer-by-Layer Deposition 
 

As mentioned in the previous chapter, the wetting of the pore walls, which precedes the 

complete infiltration of the confined cavity, proceeds very fast, while the complete filling needs 

much more time. This division into two separate steps, occurring on two different time scales, 

can be exploited for the fabrication of hollow nanotubular structures, utilizing a layer-by-layer 

deposition (LbL) strategy. 

Actually, the fabrication of nanostructured films is known for over 80 years and could 

be accomplished by the Langmuir-Blodgett (LB) technique. Briefly explained, in the LB 

technique monolayers are formed at the air/water interface and then transferred to a solid 

support.154,155 LB may be elegant to form multilayer films, but unfortunately LB requires special 

equipment and shows some limitations concerning the size and quality of the substrate.156 

Because of these reasons, it was highly desirable to find a new strategy to fabricate 

nanoconstructed thin films in an easy and scalable fashion that is independent of the nature of 

the substrate and applicable to various organic or inorganic compounds. Decher and Möhwald 

developed in the 1990s the LbL technique. This strategy is based on the exploitation of the 

electrostatic interactions between two oppositely charged polyelectrolytes as driving force for 
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the fabrication of multilayered thin films.157,158 When a molecule, carrying more than one equal 

charge, absorbs on a surface, the net charge of the surface is reversed. Further deposition of the 

same molecule is restricted as a consequence of repulsion forces between the equally charged 

molecules, leading to a self-regulation to a monolayer. Subsequently, an oppositely charged 

molecule can be deposited on the first layer. Consecutive repetition of the two absorbing steps 

allows the creation of multilayer films.156,159,160 The strength of this method is its simplicity, 

because only beakers and tweezers are needed, and its variability, since a numerous 

polyelectrolytes are applicable. Figure 15 demonstrates the common procedure of the LBL 

assembly. 

 

 

Figure 15: (A) Schematic illustration of the LbL assembly procedure, exemplary shown for the deposition of 

polyelectrolytes. A cleaned substrate is dipped into a polyanion solution, followed by a cleaning step. The first 

layer coated substrate is placed into the polycation solution subsequently. After another cleaning step, the 

procedure is repeated until the desired number of multilayers is obtained. (B) Simplified representation of the 

molecular structure of the thin film after two deposition steps. For clarity reasons counter-ions are omitted.   

 

Generally, charged polymers are utilized, because they exhibit a better adhesion to the 

underlying surface than small molecules.159 The most important polyelectrolytes are 

poly(allylamine hydrochloride) (PAH), poly(aniline) (PAN), poly(sodium vinylsulfonate) (PSS) 
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and poly(acrylic acid) (PAA). When utilizing weak polyelectrolytes, the pH value is a crucial 

parameter, since the charge density in the polymer can vary dramatically with changes in pH, 

when operating near the pKa value. Thus, the pH value has important consequences on the 

stability and thickness of the obtained multilayered thin film both during its absorption and after 

its deposition.161,162 Especially concerning the stability of the film, the pH dependence might be 

advantageous, e.g. in release applications,163,164 but when high mechanical stability is needed, 

multilayered films composed of polyelectrolytes are disadvantageous. Although reports exist 

that describe a crosslinking of the polyelectrolytes by a post-modification strategy,165,166 a 

covalent linkage between each layer would be desirable achieved during the assembly. And 

indeed, several studies were reported recently that fabricated covalently bonded multilayer thin 

films.65,167 Interestingly, not all functionalities are converted during the deposition step and 

remain within the film and can be further utilized, yielding in highly functionalized multilayer 

films.168,169  

The LbL assembly allows the deposition on substrates of all shapes and geometries.170-

172 This principle was applied to both isotropic and anisotropic supports on the basis of not only 

electronic- and hydrogen interactions, but also for covalent bonds. In this context, the LbL 

assembly within nano-porous templates resulted in free-standing nanostructured materials with 

different functions and morphologies.170 This approach is in particular interesting, because it 

offers an easy access to polymeric nano-objects, which could not be realized before. 

 

Figure 16: FE-SEM (a and b) and TEM(c) images of AAO-assisted LbL assembled nanotubes formed by 

poly(sulfonated styrene) and poly(acrylic acid) reported by Cho et al.173 

 

 

1.10 Janus Particle 
 

Nano, often deflated as the linkage between molecular and micro scale, impresses by a 

tremendous impact very recently. The increased attention manifests in both remarkable number 
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of publications and a recent release of various top journals dedicated to nano-science throughout 

the variety of publishers. This hype reveals as the consequence of the unique properties nano-

materials coming along with and making them interesting in numerous applications.174-176 In 

general, the confinement directly determines the intrinsic properties of the structured matter and 

explains the significant differences of some semiconductors and oxides exhibit on a nanometer 

scale compared to their bulk properties.177–180 Actually, the surface area to volume ratio is the 

key parameter, since just by variation of the shape the confinement properties can differ 

dramatically.181 As a result much effort was and still is undertaken on the fabrication of 

nanoparticles with anisotropic shape like rods, plates or multipodal structures. 

 

Figure 17: Objects composed of two equally separated domains are called Janus particle (JP) and can 

originating from (A) isotropic or (B) anisotropic shapes. Asymmetric Patchy Particles (APP) are materials, 

where the two different domains are not well separated (C) and (D) 

 

As a special case of asymmetric particles Janus particles should be mentioned. Janus 

particles describe objects that were composed of two different parts and thus feature a break of 

symmetry, even though their structural origin can be isotropic or anisotropic, as demonstrated in 

Figure 17. In this context it should be noted, that the term “Janus Particle” is employed, when 

the particle is composed of two equally separated domains (Figure 17 A and B), whereas the 

term “asymmetric patchy particle” (Figure 17 C and D) is applied for a system, where both 

domains are not well-separated.182 

However, from the “two-face” character, which is typical contrary, special properties are 

arising and explain the broad field of application, ranging from surfactants in water-based 

emulsions and building blocks for supramolecular structures to catalysis, sensing and drug 
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delivery. Many strategies have been developed to find an easy and efficient access to Janus 

particles. These methods were already subject of several outstanding reviews.182-186 The most 

important methods to synthesize Janus Particles are surface coatings by vapor deposition of 

metals,187,188 Pickering emulsion methods189,190, layer-by-layer-191,192 and polymer self-

assembly193,194, microfluidics195,196 and templating approaches197. The variety of the fabrication 

methods indicates, that there are pro and cons for each method: some are very difficult to 

implement, some suffer from a lack of control and consequently from an inhomogeneity 

concerning the shape of the structure. In this context a method, which can produce Janus 

particles in a reliable fashion and equally-shaped structures, is highly desirable. 
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2 Scope and Objectives 
 

Nanotechnology attracts increasing attention, due to the fascinating physical properties, 

which are arising from nano-confined materials and finds application in both biotechnology and 

electronic devices. In this context it would be highly desirable to equip nano-objects with 

functionalities, in order to make them to high-technology materials. 

The general aim of this thesis is focusing on the translation of stimuli-responsive 

properties, already known for macromolecules, down to nanoscale objects. A routine shall be 

developed, starting with the functionalization of polymers in order to understand the effects of 

the responsive moieties on a polymeric scale. This part contains on the one hand the 

polymerization of well-defined polymers by RAFT polymerization and on the other hand the 

sequential post-polymerization modification with different stimuli-sensitive moieties. 

Noteworthy, the introduced responsiveness towards an external stimulus manifests in a 

reversible hydrophilic-hydrophobic transition of the corresponding polymers in water. Since the 

impact of the applied stimulus is correlated to the molecular design, such as the molecular 

weight, nature of responsive groups etc., the adequate ratio of functional groups has to be found, 

to ensure a switching behavior near physiological conditions.  

In preliminary studies will concentrate on groups carrying paramagnetic centers 

(TEMPO derivatives) and on functionalities, which are able to bind carbon dioxide (tertiary 

amines). These two groups are chosen, because they suggest fascinating stimuli-responsive 

properties when confined on a nanometer scale.  

In the second step, AAO templates will be fabricated as the starting point for the 

bottom-up approach of nano-objects. The utilization of AAO substrates is advantageous, since 

the dimensions of the nano-object can be perfectly tailored by the pore length and pore diameter. 

For the subsequent replication process increased attention should be paid to the infiltration 

procedure and consequently routes have to be designed for the reliable preparation of either rods 

or tubes.  

Once having prepared and analyzed the polymeric nano-objects, it has to be tested if 

reactive functionalities remain after the preparation procedure. Especially in the case of 

nanotubes a strategy would be highly desirable that allows the separate functionalization of the 

outside and the interior of the pore. 

The template approach should be further extended, since it should be possible to use 

nano-porous aluminum oxide in an immobilization-merge process to produce hetero-structured 

objects, which may be individually equipped with responsive moieties. 
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3 Results and Discussion 
 

This thesis is divided into two major topics, which should be conflated as the final goal. 

The first group of themes presents the synthetic access towards multi-stimuli responsive 

polymers, exhibiting complex and distinct LCST characteristics. In contrast, the second topic is 

dealing with the utilization of nano-porous aluminum oxide in order to replicate the accurate 

and well-controllable structure to precursor organic materials, yielding in different well-defined 

polymeric nano-objects. 

The following paragraphs briefly summarize the individual projects accomplished 

during the research work. The corresponding publications, containing further experimental 

details and extensive discussions, are presented in chapter 5. 

3.1 Multi-responsive Polymers 
 

The successive introduction of different stimuli-responsive groups into one polymer 

causes a more selective response of the polymeric system towards applied external stimuli, in 

comparison to the mono-responsive analogous. In this context it is possible to design multi-

functional polymers just by the right combination of responsive groups. As a result the obtained 

polymers can exert a diverse behavior as a consequence of the exposure to one or more external 

stimuli. But the more responsive groups are incorporated into one polymeric system the more 

challenging evinces the synthesis, since each and every monomer or functionality needs its own 

specific polymerization conditions. 

The utilization of poly(pentafluorophenyl acrylate) (PPFPA) polymers in combination 

with a controlled radical polymerization method allows the preparation of well-defined 

polymers with narrow molecular weight distribution and the facile introduction of virtually any 

functionality. This platform renders as a suitable starting point for the synthesis of multi-stimuli 

responsive polymers. In chapter 5.1 and 5.2 the activatedester approach is applied for the 

preparation of dual- and triple-responsive polymers respectively. In this context their response 

towards the applied stimuli is investigated in respect to a change of their physicochemical 

behavior. 
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3.1.1 Dual-responsive Polymers 
 

In chapter 5.1 a double-responsive polymer, which is sensitive to temperature and CO2 

was prepared. For this purpose well-defined PPFPA reactive polymers were polymerized by a 

RAFT polymerization method, followed by a sequential post-polymerization modification. The 

obtained copolymer is based on poly(N-isopropyl acrylamide) (PNIPAM), which can be 

considered thermoresponsive, and 6 mol% of N’,N’-dimethylaminopropylamine (DMPA), 

which is able to bind CO2. The copolymer was extensively investigated towards its LCST 

characteristic in water, which could be altered through exposure to CO2. The increase of the 

LCST was caused by the formation of a charged bicarbonate/ammonium complex, which was 

accompanied by an increase of the polymer polarity. As a consequence a shift of the LCST of 

about 6°C was recorded. Noteworthy, the formation of the hydrophilic complex appeared to be 

full reversible and could be reversed by purging with argon. The effectivity of the CO2 

dependent switching of the LCST was further classified by the cyclic exposure to CO2 and Ar 

respectively. 

 

Figure 18: A) Chemical structure of the dual-responsive polymer. B) LCST in dependence of the cyclic passing 

of Ar and CO2 into the polymer solution 

 

3.1.2 Triple-responsive Polymers 
 

In order to increase the complexity of stimuli-responsive polymers, chapter 5.2 focused 

on the preparation of triple-responsive polymers. Again well-defined PPFPA polymers were 

utilized to synthesize copolymers based on poly(N-isopropyl acrylamide) (NIPAM) with 

different ratios of 4-amino-2,2,6,6-tetramethylpiperidine-1-oxyl (Amino-TEMPO) and an 

amine-modified azobenzene. The TEMPO moieties could be oxidized and reduced in a 
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reversible fashion by adding ascorbic acid or red prussiate, respectively. The oxidation to the 

hydroxylamine rendered the moiety more hydrophilic, which in turn lead to an increase of the 

LCST. The LCST could be further increased by the light-induced trans to cis photo-

isomerization of the azobenzene moiety, which revealed an increase of the polarity as well. 

Intensive studies of the LCST behavior have shown that the occurrence of the temperature-

induced phase separation could be switched within a large temperature range, depending on 

both the sequence the moieties were stimulated and the degree of oxidation of the TEMPO 

moieties. Due to the stability of each state of each moiety the polymeric system was evaluated 

in the context of polymeric information processing. It was found that each responsive system 

suggests the potential use as a polymeric Set/Reset Flip-Flop device. The stored information 

was translated into the quantity of the LCST, which in turn was read by the temperature.  

 

Figure 19: A) Chemical structure of the triple responsive polymer. B) LCST behavior in dependence of the 

applied stimulus. 

 

3.1.3 Surface-Initiated RAFT Polymerization of Reactive Brushes 
 

In chapter 5.3 a trialkoxy silane modified chain transfer agent (CTA) for RAFT 

polymerization was synthesized, than immobilized on a substrate and used in order to prepare 

activated ester polymer brushes in a well-defined fashion with adjustable molecular weight and 

homogenous coverage through a grafting-from approach. The brushes were decorated with 

spiropyrane moieties subsequently. Since spiropyrane derivatives are known for their reversible 

photo-induced isomerization from the closed spiro- to the open merocyanine form, the 

modification yielded in light-responsive polymer brushes. The surface exhibited light-
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switchable wettability changes, which were followed by measuring the contact angle before and 

after irradiation with UV light. 

Additionally, a photo-degradation of the CTA was found and employed for the 

implementation of a photo-lithography step. A copper TEM grid was used as a photo mask. 

After exposure to UV light (λ=254 nm), only the CTA that was covered by the TEM grid could 

be utilized for the following surface initiated RAFT polymerization. The obtained brushes were 

modified with a fluorescent dye subsequently, enabling the visualization of the obtained pattern 

by confocal laser microscopy. The feasibility of incorporating a fluorescent dye was a proof of 

the diversity of the presented approach in order to tailor the properties of the polymeric brushes 

in the same manner as demonstrated with the spiropyrane before.   

 

Figure 20: Schematic illustration of the surface initiated RAFT polymerization of pentafluorophenyl acrylate 

monomers, yielding in reactive polymer brushes. Exemplary the reactive brushes were further modified with 

either spiropyrane (light-responsive brushes) or with EDANS. 

 

3.2 Template-assisted Approach towards Well-Defined Polymeric Nano-objects 
 

Hard-templates offer the possibility to fabricate polymeric one-dimensional nano-

objects like wires or rods. Within the scope of this thesis anodic aluminum oxide (AAO) was 

utilized as the hard-template of choice, because mesoscopic, well-aligned pores can be achieved. 

AAO captivates especially by the precise adjustment of the pore dimensions. The pore diameter 

(in the range from 10 to 250 nm), the pore length (from nm up to 100 µm) and the inter pore 
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distance (60-500 nm) can be fine-tuned and thus fits perfectly to any demand towards the 

desired nano-object. 

Above that, AAO can be exploited to replicate the well-ordered structure to precursor 

materials by a wetting process, followed by a thermal- or UV-initiated crosslinking. The 

subsequent selective removal of both the residual aluminum and aluminum oxide, finally leads 

to nano-objects, whose dimensions are compatible to the dimensions of the initial pores. 

3.2.1 Layer-by-Layer in Confined Geometries 
 

When utilizing the layer-by-layer (LbL) technique, there is no prerequisite towards the 

shape of the substrate. In chapter 5.4 the exploitation of this advantage is described, when 

combining the LbL strategy in the confined geometry of the nano-porous structure of AAO 

substrates. By the alternating deposition of PPFPA and poly(allylamine) (PAAm) within pores 

of 255 nm diameter, a covalently linked multilayered structure was achieved. After removal of 

the AAO substrate, polymeric nanotubes could be obtained. On one hand this approach allows 

full control over the length and the outer diameter of the nanotubular structure by the choice of 

the anodization conditions of the AAO template. On the other hand the internal structure and the 

inner diameter of the nanotubes could be controlled by the LbL technique. Additionally, the 

obtained nanotubes exhibited remaining amine functionalities. These functionalities could be 

further modified in a subsequent post-modification step with the florescent dye rhodamine B. 

The successful covalent attachment of the dye was revealed by confocal laser scanning 

microscopy. Additionally, the polymeric nanotubes exhibited remarkable resistance against any 

organic solvent and were stable even under acidic conditions.   
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Figure 21: A) Schematic illustration of the AAO-assisted LbL assembly of polymeric nanotubes. B) SEM 

image of (PPFPA/PAAm)10 nanotubes. C) Confocal laser scanning microscopy image of (PPFPA/PAAm)10 

nanotubes modified with rhodamine B 

3.2.2 Preparation of Hetero-structured Janus-Particle 
 

In chapter 5.5 a novel and facile method for the fabrication of hetero-structured Janus 

particle is demonstrated. The particle comprised of an isotropic silica bead and an anisotropic 

polymeric rod. The described approach facilitates the controlled assembly of matchstick-like 

particles, by utilizing the AAO substrate as a shape-defining mold for the organic component 

and additionally as a template for the selective linkage of the sphere on top of the rod. The 

fabrication could be successfully achieved, because each nano-dimensioned pore was shaped 

like a funnel: the pore entrance featured a larger diameter, which tapered in direction of the pore 

bottom. A mixture of a trialkoxy silane containing monomer and a activated ester monomer 

together with a crosslinking agent and a photoinitiator was filled into the AAO templates. The 

substrates exhibited a pore diameter of about 530 nm at the pore entrance, a pore diameter of 

about 96 nm at the pore bottom and a length of about 1 µm. The size-adjusted silica particles 

were deposited on top of the membrane subsequently. During UV-curing and additional thermal 

annealing, the organic part was polymerized and covalently connected to the inorganic part at 

the same time. After the selective removal of the AAO templates, hetero-structured nano-objects 

were obtained. Noteworthy, the shape of the obtained nano-objects could be tailored by 

additional pore widening before the infiltration process. As a result the diameter of the 

polymeric component could be increased and adapted to the size of the spherical counterpart. 
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Utilizing this approach the final shape of the nano-object could be adjusted from a matchstick-

like to a progressively anisotropic rod. 

 

Figure 22: A) Schematic presentation of the template-assisted fabrication of matchstick-like inorganic-organic 

hybrid particles. B) SEM image of a obtained hybrid nano-object. 
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4 Summary 
 

In this thesis activated ester polymers were utilized for both the preparation of novel 

multi-stimuli responsive polymers and for the fabrication of polymeric nano-objects. The 

activated ester polymers were synthesized via the controlled radical RAFT polymerization 

technique, yielding in well-defined polymers with narrow molecular weight distribution. They 

could be further modified with different amines in a subsequent post-polymerization 

modification. As a result highly-functionalized polymers could be obtained. This activated ester 

approach was successfully applied for different individual projects: 

Dual-responsive poly(N-isopropyl acrylamide) (PNIPAM) polymers were synthesized, 

equipped with 6 mol% of carbon dioxide (CO2) sensitive moieties based on N’,N’-

dimethylaminopropylamine (DMPA). The tertiary amine side groups were able to form 

bicarbonate/ammonium complexes, when CO2 was passed through the polymeric solution. The 

formed complex rendered the polymeric system more hydrophilic, which in turn lead to an 

increase of the lower critical solution temperature (LCST). The shift of the LCST could be 

reversed by exposure to argon. The full reversibility of the CO2 binding process was 

investigated by turbidity measurement and consecutive purging with either CO2 or argon.  

The principle of triggering the LCST by introducing stimuli-sensitive moieties was 

further enhanced and triple-responsive polymers were synthesized. Based on PNIPAM, 4-

amino-2,2,6,6-tetramethylpiperidine-1-oxyl (Amino-TEMPO) and an amine-modified 

azobenzene were introduced to the polymer. Induced by the independent addressing of the 

amino-TEMPO (redox-sensitive) and azobenzene (light-sensitive) moieties, the extensive 

investigation of the LCST behavior revealed an even more complex LCST characteristic in 

contrast to the dual-responsive system. The quantity of the LCST was dependent on the stimulus, 

which was applied first to the polymeric system. Above that, the LCST could be fine-tuned by 

the degree of the oxidized TEMPO derivative present in the polymer. 

In contrast to the investigation of stimuli-responsive polymers in solution, the activated 

ester strategy was transferred to polymer brushes, which could be obtained by a surface initiated 

RAFT polymerization, utilizing a trialkoxy silane modified containing chain transfer agent 

(CTA) immobilized on a solid substrate. The fabricated reactive brushes of 

poly(pentafluorophenyl acrylate) (PPFPA) were further modified with a spiropyrane derivative. 

The resulting light-responsive wetting behavior could be monitored by changes of the contact 

angle. Furthermore, a photo-lithography technique was applied, caused by the photo-

degradation of the CTA. The resulting micro-pattern of polymer brushes was modified with a 

fluorescent dye and visualized by confocal laser scanning microscopy. 
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The translation of stimuli-responsive polymers to nano-confined matter was 

accomplished by a template-assisted approach, utilizing anodic aluminum oxide (AAO). AAO 

substrates provide hexagonal ordered, mesoscopic pores, which were precisely adjusted by the 

anodization conditions applied during the preceding two-step anodization procedure. Rod-like 

structures could be obtained by a wetting-infiltration process of an organic precursor material, 

followed by an UV-initiated cross-linking and subsequent removal of the AAO template.  

Multilayered covalently-bonded polymeric nanotubes were fabricated by an AAO-

assisted layer-by-layer (LbL) approach, by the alternating deposition of PPFPA and 

poly(allylamine) within the nano-confined geometry. The thickness of the obtained nano-tubes 

was controlled by the number of deposition cycles. The nano-tubes revealed remaining amine 

functionalities, which were further modified with the fluorescent dye rhodamine B in a 

subsequent post-modification and visualized by confocal laser scanning microscopy. This 

approach demonstrated for the first time a facile approach for the preparation of polymeric 

nanotubes, which exhibited a resistance against any organic solvent and allowed further 

modification by a post-modification. 

Finally, the funnel-shape of the AAO pores was exploited to fabricate hetero-structured 

Janus Particles. The particles, comprising of an isotropic silica sphere and an anisotropic 

polymer rod, were fabricated by wetting the AAO substrate with both a trialkoxy silane- and a 

activated ester containing polymer, followed by the deposition of the silica particles on top of 

the AAO substrate. The subsequent thermal annealing ensured the covalent linkage of the 

inorganic to the organic part.  

In conclusion in this thesis novel stimuli-responsive polymers were developed and 

investigated towards their complex LCST characteristic. The results impressively demonstrated 

the need of combining several stimuli-responsive moieties in one polymeric system, in order to 

be able to switch the polymer properties in a more accurate and precise way than it could be 

achieved previously. The translation of the stimuli-responsiveness into nano-scaled dimensions 

could be accomplished via a template-assisted approach very successfully.  

The results suggest the potential for the fabrication of highly functionalized stimuli-

responsive softmatter and hybrid nano-objects, which can be utilized in both research and 

applied application.



- 47 -오류! 여기에 표시할 텍스트에 Überschrift 1 을(를) 적용하려면 [홈] 탭을 

사용하십시오. 

 

 

5 Publications 
 



- 48 -오류! 여기에 표시할 텍스트에 Überschrift 1 을(를) 적용하려면 [홈] 탭을 

사용하십시오. 

 

 

5.1 Versatile Toolbox for the Synthesis of CO2-Responsive Polymers 
 

P.Schattling, I. Pollmann, P. Theato 

Abstract 

We describe a general method to synthesize a double responsive polymer, exhibiting a 

temperature and CO2 switchable behavior. The polymer was obtained by RAFT polymerization of 

pentafluorophenyl acrylate (PFPA), followed by a sequential post-polymerization modification of 

3-N’,N’-diemethylaminopropylamine (DMPA) and N-isopropylamine (NIPAM). The presented 

strategy allows to introduce different functionalities and to control their amount and proofs to be a 

versatile platform, leading to dual-responsive polymers. Utilizing turbidimetry, the stimuli 

responsiveness of the polymer was investigated and it was found that the lower critical solution 

temperature (LCST) could be reversibly triggered over a wide temperature range by purging with 

CO2 and Ar, respectively. 
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Introduction 

For years carbon dioxide (CO2) has been subject of numerous discussions through the 

entire society and CO2 is criticized for its major contribution to global warming. At the same time 

it is praised as a suitable material for becoming ecological aware in industry. 

And indeed, this schizophrenic character reflects in the broad range of applications of CO2. 

On one hand compounds are found and utilized as CO2 trapping materials1,2 and on the other hand 

CO2 is applied as an ecological friendly solvent3, for switchable surfactants4 and trigger for 

“breathing” polymersomes or block copolymers.5,6 

Very recently CO2 gained attention as external stimulus for gas-responsive systems as 

well. In particular CO2-sensitive moieties introduced to polymers, exhibiting extremely interesting 

features ranging from controlling the coagulation/redispersion behaviour of nanoparticles7,8, 

tuning of polymersomes membrane permeability9, as trigger for the reversible micellation of 

block copolymers10 and for the structural transition of hydrogels respectively.11 Unfortunately, the 

incorporation of CO2 responsive moieties to polymers is still challenging and usually involves a 

time consuming synthesis of the corresponding acrylate or methacrylate monomer. Additionally, 

in the majority of the obtained polymers the CO2 sensitive function was covalently linked by an 

ester bond and thus may be hydrolytically unstable.6,12 In this context the diverse applications of 

CO2 requires an easy, reliable and versatile synthetic platform to obtain polymeric materials, 

bearing CO2-responsive moieties, instead of a troublesome specific synthesis procedure. 

Primary, secondary and tertiary amines are well-known for their ability to adsorb CO2 and 

the adsorption mechanism was already subject in several outstanding reviews.1,15–17 As shown in 

Scheme 1, tertiary amines catalyzes the formation of bicarbonates, which associates afterwards. In 

context of manipulating the LCST of an existing system, the formation of the zwitterionic 

complex is very interesting, since the ionic complex can be regarded as more hydrophilic in 

comparison to the original tertiary amine.  
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Scheme 1: mechanism for the reaction of a tertiary amine with CO2.
16  

 

Herein we report a facile and diverse strategy for the preparation of CO2-responsive 

polymers, which allows further modification with additional functionalities according to the 

desired demands. Utilizing this strategy, we will synthesize a double stimuli-responsive polymer, 

which was further investigated towards external stimulation with CO2 to induce a change in its 

lower critical solution temperature (LCST) behavior. 

The herein mentioned approach utilizes activated ester monomers, based on 

pentafluorophenyl acrylates. As shown in previous reports, the monomers can be polymerized by 

radical polymerization methods, without any loss of the reactive units.13,14 Additionally, the 

polymers are stable, can be stored and react quantitatively with nucleophiles even under ambient 

conditions. I.e. in a subsequent post-polymerization modification virtually any nucleophile can be 

introduced to the polymer. 

In this regards, we modified the activated ester polymer with isopropylamine (IPAM) and 

with the tertiary amine 3-N’,N’-dimethylamino propylamine (DMPA) see scheme 2. The obtained 

copolymer P1 can be considered as a double responsive system, since the PNIPAM moiety is 

sensitive to temperature, whereas the tertiary amine can be influenced by the exposure to CO2, as 

shown in scheme 1.  

Results and Discussion 

According to scheme 2, the reactive precursor polymer poly(pentafluorphenyl acrylate) 

(PPFPA) was synthesized by a reversible addition fragmentation chain transfer (RAFT) 

polymerization, in order to obtain well-defined polymer with adjusted molecular weight. The 

subsequent introduction of DMPA and IPAM could be achieved in a sequential post-

polymerization modification procedure. The polymers were purified by dialysis against water, in 
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order to remove residual reagents. FT-IR spectroscopy proved full-conversion, since the ester 

C=O band at 1781cm-1 disappeared completely, while the amide bands at 1639 cm-1 and 1531 cm-

1 appeared. The quantitative conversion was further confirmed by 19F-NMR spectroscopy by the 

complete disappearance of the fluorine signals.(ESI) The content of the stimuli-responsive 

moieties in the polymer PI was evaluated by 1H-NMR spectroscopy. Therefor the integrals of the 

hydrogen were used adjacent to the corresponding acrylamide nitrogens.  The fraction of the 

DMPA was estimated 6mol%. This value is in a good agreement with the amount of added amine. 

In contrast to a similar method published recently by Guo et al., 18 who synthesized 

poly(4-chloromethystyrene), which was post-modified to poly(p-azido-methylstryene) for a 

further conversion by a 1,3-dipolar cycloaddition with an amidine based CO2 responsive unit, our 

approach allows a sequential introduction of different responsive groups and additionally does not 

require the removal of the metal catalyst. The synthetic approach presented in this report enables 

incorporating different chemical moieties in a precise and facile manner. 

 

Scheme 2:  Synthetic strategy for temperature- and CO2 responsive polymers. For clarity reasons the CTA 

group was omitted 

 

As a result of the introduction of two stimuli sensitive moieties, the polymer can be 

considered as double responsive, which renders hydrophobic when the temperature is rising above 

LCST and turns hydrophilic when CO2 is exposed to the system. The hydration-dehydration 

transition can easily be recorded by turbidity measurement of a solution of the polymer. A 

concentrated (5mg mL-1) aqueous polymer solution was heated in a cuvette and the transmission 

was recorded as a function of temperature using a commercial UV/vis spectrometer. It is 

commonly accepted to determine the LCST as the temperature at 50% transmittance.19,20 Figure 1 

(A) demonstrates the change of the LCST in dependence of the gas that was passed through the 

solution. The initial LCST of the system was determined at 44.8°C. PNIPAM exhibits a distinct 

LCST at 31°C,21 which can be varied by partial introduction of hydrophobic or hydrophilic 

moieties.22,23 This explains the difference of the measured LCST in comparison to PNIPAM, 

because 6 mol% of the more hydrophilic DMPA were incoporated. After bubbling CO2 slowly 
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through the polymer solution for ca. 25 min. the LCST was lifted to 51.1°C. The difference in 

LCST of about 6°C is explained by the formation of the ammonium-bicarbonate association, see 

scheme 1. The generation of the charged complex leads to an increase of the polarity of the 

polymer and thus to an increase of the LCST, as a result of the gain in dissolution enthalpy.24 The 

tertiary amine/CO2 complex can be reversed by passing Ar or N2 through the solution. The 

transition back to the uncharged amine is accompanied with a decrease of polarity. As a 

consequence the LCST changed back to its initial value, as shown in figure 1A.  

 

Figure 1: Tubrbidity measurment of the double responsive polymer after bubbling CO2 (black triangle) and 

after subsequent exposure to Ar (white square) (A). LCST in dependence of the cyclic passing of Ar and CO2 into 

the polymer solution (B) 

The reversibility of the CO2/Ar switching behavior was tested several times, by 

consecutive purging with CO2 and Ar, respectively. As impressively illustrated in figure 1B, the 

LCST could be ccurately altered between two temperatures, demonstrating the efficiency of the 

CO2 adsorption-desorption reaction. Noteworthy, the LCST can be fine-tuned between the 

minimum and maximum temperature as well, since the change of the LCST reflects the degree of 

the CO2 conversion.(ESI)  

Tertiary amines are well-known for their pH responsive behavior.25–27 I.e. the LCST of the 

present system could also be altered by the addition of acid. As a result the protonated state of the 

tertiary amine at lower pH values would lead to an increase of the LCST. The subsequent addition 

of base, in order to neutralize the overall pH, would deprotonate the amine again and the initial 

LCST could be recovered. The strength of the presented method to use CO2 is that CO2 can easily 

be removed without changing the concentration of the polymer and without accumulation of any 

salts in the solution. 

Conclusion 
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In conclusion, we demonstrated a facile and versatile two step procedure for the 

introduction of CO2 responsive moieties to polymers, which comprises of a RAFT polymerization 

method of an activated ester polymer, followed by a post-polymerization modification. The 

obtained temperature- and CO2 -responsive polymer exhibited a hydrophobic-hyrophilic transition, 

when purged with CO2 and Ar, respectively. The resultant full reversible transition expresses in 

the rescindable shift of the LCST. The temperature difference was determined by turbidity 

measurements as remarkable 6°C. The feasibility of introducing several functionalities into one 

polymer will further broaden the range of applications CO2 may be used for. We expect the 

development of novel complex polymeric systems, which may find use as sensors, in drug 

delivery and even as “smart” CO2 trapping surfaces. 
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Experimental Section 

Materials. 3-N’,N’-dimethylamino propylamine (DMPA) was purchased from Alfa-Asear. 

Isopropylamine (IPAM) was received from Sigma-Aldrich. All solvents were commercially 

available and used as received unless otherwise stated. Poly(pentaflourphenyl acrylate) (PPFPA) 

with a molecular weight of Mn = 12 000g mol-1 and a molecular weight distribution  Mw/Mn = 

1.3 was synthesized following a procedure described earlier.19 Membrane tubes for dialysis were 

purchased from Roth (MWCO 3500). 

Instrumentation. 1H- NMR spectra were recorded on a Bruker Fourier 300 NMR 

spectrometer in deuterated solvents. 19F-NMR spectra were recorded on a Varian Gemini 2000BB 

spectrometer. The chemical shifts (δ) were given in ppm relative to trimethylsilane (TMS). Gel 

permeation chromatography (GPC) was used to determine the molecular weight and the 

corresponding molecular weight distributions, (Mw/Mn), of the polymer samples with respect to 

polystyrene standards. GPC measurements were performed in THF. The flow rate was 1.0 

mL*min-1 using a pump (Intelligent Pump AI12) from Flom, a degaser (PL-DG 802) from 

Polymer Laboratories, a RI detector (RI 101) from Shodexsystem and GPC columns (2x5μm 

Polypore) from Polymer Laboratories. IR spectra were recorded using the ATR (Smart iTR) unit 

on a Thermo Scientific Nicolet IS10 FT-IR Spectrometer.  

Turbidity measurement. Turbidity measurements were recorded on a JASCO V-630 

photospectrometer equipped with a JASCO ETC-717 peltier element. The optical transmittance of 

a light beam (λ = 632 nm) was plotted versus the temperature of the sample quartz cell. The 

heating rate was 1°C per minute and the sample was stirred during measurement. The sample was 

prepared by dissolving 5 mg of the polymeric material in 1 mL of deionized water. 

Synthesis of the double responsive polymer (PI). 250 mg (1.0 mmol) PPFPA was 

dissolved in 4 mL THF, followed by the addition 11 mg (0.1 mmol) DMPA and 0.35 ml (2.3 

mmol) Et3N. The solution was heated to 40°C. After 4 hours the solution was cooled down to 

room temperature and an excess amount of 0.20 ml (2.3 mmol)) isopropylamine was added. The 

solution was allowed to stir for additional 20 hours at ambient temperature. Next, the polymer was 

precipitated in ice-cooled diethylether. The vacuum dried residue was dissolved in deionized 

water and dialyzed against Millipore water for 18 hours. The water was evaporated completely 

and the polymer was dried for several hours in vacuum. 

FT-IR (ATR-mode): νmax/ cm-1 3291, 1700, 1639, 1531, 1364; 1H-NMR (D2O) δ/ppm: 

4.12 (-CONH-CH2-), 3.88 (-CONH-CH-(CH3)2), 3.30-1.2 (backbone and DMPA), 1.23 (-CONH-

CH-(CH3)2)  
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Electronic Supporting Information 

 

Figure S 1: 1H-NMR spectra of the double responsive polymer in D2O. The fraction of the CO2-sensitive moiety 

was determined by the integrals of the B and C.    

 

 

Figure S 2: 19F-NMR spectra of the reactive ester polymer in CDCl3 (above) and the double responsive polymer 

in D2O (below). The loss of the 19F signals after the post-polymerization modification proofs the complete 

substitution of the reactive ester polymer. 
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Figure S 3: FT-IR spectra of the initial PPFPA reactive ester polymer (above) and the dual responsive polymer 

(below). After the post-polymerization modification the ester vibration band clearly disappears and the two 

amide bands, corresponding to the thermo- and CO2 responsive polymer developed.  

 

 

Figure S 4: LCST behavior of PI with different amounts of CO2 “captures” by the tertiary amine moieties. 
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5.2 Multi-responsive copolymers: Using thermo-, light- and redox stimuli as three 

independent inputs towards polymeric information processing. 
 

Philipp Schattling, Florian D. Jochum, and Patrick Theato 

 

Abstract 

We report on triple responsive polymers, exhibiting a distinct and reversible lower critical 

solution temperature in water that can be altered by light and redox stimuli and we suggest their 

evaluation for molecular information processing.  

 

 

 

 

 

  



- 59 -오류! 여기에 표시할 텍스트에 Überschrift 1 을(를) 적용하려면 [홈] 탭을 

사용하십시오. 

 

 

The translation of external stimuli, e.g. light, pH, temperature or ionic strength, into a 

physical response of a polymer has gained tremendous attention recently due to the broad range of 

application for these materials ranging from drug delivery and tissue engineering to coatings and 

microelectromechanical systems.1 Molecular logic gates have broadened the perspective for 

responsive polymers. However, so far mostly small molecules were investigated for logical 

computations.2,3 Only a small number of examples take advantage of polymers. 2–6 For example 

when envisioning multi-input logic gates, functional polymer synthesis with an unprecedented 

precision and versatility is required, which was not available until very recently. Hence, 

polymeric systems promise a superior role due to their versatility in the type of in- and output 

signals, which was only demonstrated in just a small number of examples until now.6–8 Further, 

their application as molecular memory devices has been discussed.9–11 Although these systems 

currently suffer from the accumulation of side products during data storage and a short retention 

time in the range of some minutes, they still have big potential as a “bottom-up” strategy for 

engineering molecular information processing devices. 11 

In this communication, we report on the synthesis and characterization of triple responsive 

polymers, exhibiting a distinct lower critical solution temperature (LCST) in water. We focused 

on thermo-, light- and redox responsive copolymers and their reversible change in LCST after 

applying an additional external stimulus. These responsive systems were investigated in the 

context of polymer information processing devices. 

Triple responsive statistical copolymers were synthesized using a post-polymerization 

modification strategy, utilizing well-defined poly(pentafluorophenyl acrylate) (PPFPA), prepared 

by the RAFT polymerization technique.12 PPFPA was then converted with N-(2-aminoethyl)-4-

(2-phenyldiazenyl) benzamide (azobenzene) and 4-amino-2,2,6,6-tetramethyl-1-oxyl-piperidine 

(amino-TEMPO) followed by the reaction with an excess amount of isopropylamine (scheme 1), 

yielding statistical copolymers based on thermo responsive poly(N-isopropylacryl-amide) 

(PNIPAM), containing light responsive azobenzene moieties and redox sensitive amino-TEMPO 

side groups. Azobenzene was chosen because it is known for its wavelength dependent photo-

induced cis-trans isomerization. The reversible conformation change from trans to cis is 

accompanied by an increase of local polarity due to a change of the dipole moment of the 

chromophore.13 TEMPO is known to undergo reversible electron transfer reactions and used in 

energy storage applications.14 Recently, PNIPAM copolymers with TEMPO moieties have been 

shown to act as double responsive materials.15 
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Scheme 1:  Synthesis of triple responsive PNIPAM based copolymers containing azobenzene and TEMPO 

moieties. 

 

Following this strategy, two different triple responsive copolymers PI and PII were 

synthesized, varying in their amounts of azobenzene and TEMPO. The polymers were purified by 

dialysis against water and one subsequent precipitation step into diethylether. ESR spectroscopy 

was used to confirm the existence of the paramagnetic TEMPO functionality. The content of 

azobenzene and amino-TEMPO for PI and PII were evaluated by 1H-NMR. However, due to the 

paramagnetic character of the TEMPO moiety, this could only be achieved after treatment of a 

sample with ascorbic acid to reduce the TEMPO radical. PI contained 1.6 mol% azobenzene and 

3.5 mol% of amino-TEMPO, while PII contained 2.3 mol% of azobenzene and 5.7 mol% of 

amino-TEMPO. 

The LCST behavior by means of cloud points of the synthesized triple responsive 

polymers was investigated using turbidity measurements. A concentrated solution (5 mg/mL-1) of 

PI and PII in 0.1 m NaSO4 was heated in a cuvette and the transmittance was measured as a 

function of temperature using a UV/Vis spectrometer. Although pure PNIPAM shows a sharp 

LCST, introduction of further moieties required the addition of sodium sulfate as a cosmotropic 

salt to obtain sharp LCSTs (see ESI).15 Generally, introduction of the amino-TEMPO and 

azobenzene groups in PI and PII resulted in more hydrophobic polymer chains and thus decreased 

the  LCST (table 1). Adding ascorbic acid to the polymer solution reduced the TEMPO moieties,16 

which resulted in an increase of the LCST. The conversion from the oxyl- into the more 

hydrophilic hydroxylamine group resulted in an improved hydrophilic interaction with the solvent, 

likely also due to hydrogen bonding. The amount of TEMPO functionalities within the polymer 

demonstrated the impact of this stimulus: the higher the amount of TEMPO moieties, the higher 

the change in LCST. For PI (3.5 mol% TEMPO) the increase of the LCST was determined as 

1.2°C. In contrast, the LCST of PII (5.7 mol% TEMPO) increased about 3.8°C. Noteworthy, a 
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stepwise reduction of the TEMPO moiety allowed a successive increase of LCST.15 When 

polymer PII was stepwise reduced by the addition of ascorbic acid the LCST raised by 1.3°C in a 

first reduction step and then by 0.6°C in a second reduction step. This dependence of the 

temperature shift on the amount of the TEMPO moieties reduced offers the possibility to fine-tune 

the LCST. 

Table 1: LCST of polymer PI and PII depending on the three stimuli temperature, light and redox (temperature 
shift in respect to the initially LCST) 

Stimuli LCSTPI / °C (ΔLCST) LCSTPII / °C (ΔLCST) 

None 14.9 (±0) 13.9 (±0) 

Ascorbic acid 16.1 (+1.2) 17.7 (+3.8) 

Irradiation 365 nm 16.4 (+1.5) 18.0 (+4.1) 

Irradiation > 400 nm 16.1 (+1.2) 17.7 (+3.8) 

Red prussiate 15.0 (+0.1) 14.0 (+0.1) 

 

Subsequent irradiation with UV light (365 nm) resulted in an additional increase of the 

LCST of 0.3°C, which was caused by the isomerization of the azobenzene moiety. The amount of 

the chromophore in both polymers PI and PII was almost identical. As a consequence, the impact 

of the irradiation was identical for both polymers as the LCST increased in both cases by 0.3°C.  

The photo isomerization could be reversed by irradiation with light with λ > 400 nm.13 

Irradiation resulted in the trans isomer of azobenzene, which lowered the local polarity and thus 

decreased LCST again. The experiment confirmed that the former increase of 0.3°C (cis state) 

was fully reversible after re-isomerization with visible light. Notably, this also demonstrated the 

accuracy of the stimuli responses of the polymers (table 1, fig. S6, ESI). 

Oxidation of the hydroxylamine moiety back to the oxyl group was achieved by addition 

of red prussiate (potassium ferricyanide), which led to a significant decrease of the LCST, 

demonstrating that the impact of the redox stimulus could be completely reversed as the initial 

LCST was reobtained. Additionally, a second redox cycle with the same polymer sample was 

performed (see ESI), proving the full reversibility of the redox stimulus. The successive 

replication is in accordance with the work of Nishide et al. and confirms that decomposition of 

TEMPO groups or irreversible side reactions can be excluded.14 
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However, it is known that the addition of salts might have a significant influence on the 

LCST.17 In order to proof the influence of the added salts a PNIPAM model system was prepared 

(ESI). Being aware of this strong influence, the polymer solution of PI and PII were purified 

accordingly after treatment with ascorbic acid or red prussiate. Thus, the results in table 1 are 

without the influence of additional salts, i.e. after purification. 

To address the stimuli responsive moieties independently, a second experiment was 

conducted by stimulation of the light-responsive chromophore moieties first and then reduction of 

the TEMPO moieties. Interestingly the impact of the light-responsive moiety is increased in 

comparison to the previous situation, with an increase of LCST by 0.5°C for PI after irradiation 

with UV light (365 nm). We believe that the effect of the LCST by the azobenzene moieties 

depends on the composition of the polymer, as shown in a paper previously.13,18 The isomerization 

of the azobenzene moieties in the presence of the less hydrophilic TEMPO led to a more 

pronounced impact in comparison with the more hydrophilic hydroxylamine. The subsequent 

reduction of TEMPO led to a further increase of the LCST by 0.5°C. Further irradiation with UV 

light raised the LCST again by 0.3°C, suggesting that the cis-trans relaxation of azobenzene 

already happened along with the oxidation process (see ESI). With respect to the initial LCST the 

temperature was shifted by 1.3°C, which was similar to the previous situation. 

Translating this information into the context of information processing, several 

combinations are possible with one system. In general a logic gate is the physical expression of 

the Boolean function and uses one or more inputs to produce a single output.19 The stimuli 

responsive functionalities can be addressed independently and therefore, in a triple responsive 

polymer, three different inputs are available: temperature (input A: IA), light (input B: IB) and the 

redox-sensibility (input C: IC). In this context IA=0 is correlated to keeping the polymer solution 

below LCST, while IA=1 is equal to heating the solution to a temperature 0.4°C higher than LCST. 

Accordingly IB=0 means the sample has not been irradiated and IB=1 corresponds to the irradiated 

polymer solution and thus isomerization into cis-azobenzene. IC=0 indicates a sample that has not 

been treated with ascorbic acid and IC=1 is equivalent to the hydroxylamine. The output signal 

(Out) can either be Out=0 for insoluble or Out=1, which means the polymer is soluble. The direct 

addressing of just two responsive groups like temperature and light or temperature and redox-

sensibility corresponds to “A implies B” logic or “A implies C”, respectively, which has already 

been described in the literature.7 The combination of three stimuli leads to a new, more complex 

logic circuit: If the temperature and light stimulus is stimulated first an “A implies B” output is 

generated. If the resulting output OutA/B is subsequently combined with the redox input as an “OR” 

logic gate, it results overall in the statement “always true, if not only A”. The circuit fulfilled 
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associativity, i.e. it does not matter in which sequence the stimuli are applied (see Boolean logic 

truth tables in fig. 1).  

 

Figure 1: Truth table for a logic system with 3 inputs. First, the stimuli temperature (IA) and light (IB) give a 

logical output through an “A implies B” logic, which is combined with the redox sensitive input (IC) 

 

A logic gate yields a logic output response as a result of an input signal, but it does not 

possible to store the information. In contrast, a flip-flop element offers the possibility for storing 

information for sequential logic operations.10 The bistable states of the TEMPO- and the 

azobenzene moiety suggest the potential use as Set/Reset (SR) flip-flop device. The paramagnetic 

state and the reversible conversion into the hydroxylamine as well as the cis-trans isomerization 

of the azobenzene offer the possibilities of saving two bits with only one polymer. The saved 

information is translated into the fully reversible change of the LCST. 

The reduced TEMPO moiety will be considered as the memory state output yielding logic 

Q1=1, while the paramagnetic state will be defined as logic state Q1=0. The Set input S1=1 

represents the addition of ascorbic acid and the Reset input R1=1 means the addition of red 

prussiate. The operation of the logic element is shown in fig.2. When the system is in logic state 

Q1=0 or in logic state Q1=1 and the inputs S1=1 and R1=0 are applied to the system, the system is 

set to state 1, which is achieved by addition of ascorbic acid. But when the system exists in the 

logic state 0 or in logic state 1 and is subjected to the S1=0 and R1=1, the system is reset to logic 

state 0, i.e. red prussiate is added.  

The azobenzene moiety offers an additional SR flip-flop. Similar to the previous situation 

the trans-isomer corresponds to the logic state Q2=0, while the cis-state is considered as logic 

Q2=1. If UV light with 365 nm is applied to the system, existing in the state Q2=0, the memory 

element is set to logic Q2=1, this corresponds to the S2=1, R2=0 setting and yield in the cis-

configuration of the system. The Q2=1 state can be deleted by the input configuration S2=0, R2=1 

and is realized by irradiation with light >400 nm. The exact state of the flip-flop is read by 

temperature and determined by the reversible change of the LCST. Because of the orthogonal 
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responses of the TEMPO- and azobenzene moieties, two bits can be stored successively. If both 

memory elements exists in the logic state 1 then this is taken into account and can be observed 

through ge additional LCST at 16.4°. The truth table of the flip-flop system is shown in the ESI. 

Noteworthy, the two states of the TEMPO moiety are stable over months, while the relaxation of 

the cis isomer of the azobenzene to the trans-conformation occurs with a half-life of 11 days in 

the dark,13 i.e. the stored data are lost after this period. The volatile character of molecular 

memories is a common problem, however, the present polymer has 1000 fold increased half-life 

compared to previous molecular memories.9 

 

Figure 2: (A) Circuit of the flip-flop device: two flip-flops combined with the temperature query via AND gates 

(B) Graphical representation of the two Set/Reset flip-flop device (blue: TEMPO, green: azobenzene)  

 

In summary, post-polymerization modification provides an easy access to multi-

responsive polymers, which respond independently to temperature-, light- and redox-sensitive 

stimulation. These systems exhibited a distinct and an adjustable LCST switching window. It was 

shown that this property could be tailored during the synthesis by adjusting the corresponding 

moiety, and additionally fine-tuned directly in the application by the degree of conversion of the 

TEMPO into the hydroxylamine functionality. The stability of every state facilitates the 

implementation of different polymer information processing systems. The realization of several 

information processing techniques within only one system is exceptionally fascinating. The 

unique application as polymer memory device, in the sense of Set/Reset flip-flop, for two bits in 

one polymer is remarkable. It gives reason to except more complex computing processes in the 

near future based on polymeric materials, which exhibit multifaceted properties. 
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Electronic Supplementary Information (ESI)  

Experimental Part 

Materials. All chemicals and solvents were commercially available and used as received unless 

otherwise stated. Tetrahydrofuran (THF) was dried over sodium and freshly distilled before use. 

Triethylamine (Et3N) was dried over calcium chloride and distilled previously. Membrane tube 

for dialysis was purchased from Roth (MWCO 3500) with an exclusion volume of 3500 Dalton. 

Poly(pentaflourphenylacrylate) (PPFPA) with a molecular weight of Mn = 14 000g mol-1 and a 

molecular weight distribution  Mw/Mn = 1.3 was synthesized following a procedure described 

earlier1  

Instrumentation. 1H- NMR spectra were recorded on a Bruker 300 MHz FT-NMR spectrometer 

in deuterated solvents. 19F-NMR spectra were recorded on a Bruker 400 MHz FT-NMR 

spectrometer. The chemical shifts (δ) were given in ppm relative to trimethylsilane (TMS). Gel 

permeation chromatography (GPC) was used to determine the molecular weight and the 

corresponding molecular weight distributions, (Mw/Mn), of the polymer samples with respect to 

polystyrene standards. GPC measurements were performed in THF. The flow rate was 1mL*min-1 

at 25°C. IR spectra were recorded using a Bruker Vector 22 FT-IR spectrometer with an ATR unit. 

ESR spectra were recorded on a Miniscope MS300 in continuous wave mode. The samples were 

irradiated with a constant frequency of 9.5 GHz (X-band) which was generated by a Hewlett 

Packard frequency counter model 5340A. The internal standard was Mn2+ in zinc sulphide. 

 

Synthesis of N-(2-Aminoethyl)-4-(2-phenyldiazenyl)benzamide (azobenzene) was synthesized 

according to a method published recently1. Yield: 83% 1H-NMR (CDCl3): δ/ppm: 8.62 (s, 1H), 

8.06 (d, 2H), 7.93 (m, 4H), 7.60 (m, 3H), 3.30 (q, 2H), 2.71 (t, 2H); FT-IR (ATR-mode): νmax/ cm-

1 3296 (N-H), 1634 (C=O), 1539 (C=O) 

 

Synthesis of 4-Oxy-2,2,6,6-tetramethyl-1-oxyl-piperidine (Oxy-TEMPO) was already 

published before.2 yield: 57% FT-IR (ATR-mode): νmax/ cm-1 1726 (C=O), 1366 (C-N); ESR 

(continuous wave mode, in CH2Cl2): microwave: 9.42 GHz, g-value: 1.9897, A= 13.5 G; m/z 170 

(92%), 171 (8%) 
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Synthesis of 4-Amino-2,2,6,6-tetramethyl-1-oxyl-piperidine (Amino-TEMPO) The procedure, 

which was published before, was slightly modified as follows.2 24.6 g (0.32 mol) of ammonium 

acetate was dissolved in 350 mL of dry methanol and molecular sieve were added. The pH value 

was adjusted to 7-8 using potassium carbonate. 5.4 g (0.032 mol) of Oxy-TEMPO were dissolved 

in 20 mL of dry methanol and were added dropwise into the ammonium acetate solution. After 30 

min., 1.44 g (0.045 mol) of sodium cyanoborohydride were added at once. The reaction was kept 

at room temperature for 48 hours. The mixture was filtrated and the methanol was removed under 

low pressure. The red powder was dissolved in 50 mL of water. The pH value was adjusted to 5-6, 

using diluted hydrochloride acid and extracted with chloroform. Next, the pH value of the 

aqueous phase was raised to 13, saturated with sodium chloride and extracted three times with 

chloroform. The organic layer was dried over MgSO4, filtrated and evaporated completely. The 

product was further purified by column chromatography using neutral Al2O3 and ethanol as 

mobile phase. Pure red coloured amino-TEMPO was obtained. yield: 80% FT-IR (ATR-mode): 

νmax/ cm-1 3379 and 3297 (N-H), 1583 (N-H), 1363 (C-N valence); ESR (continuous wave mode, 

in CH2Cl2): microwave: 9.42 GHz, g-value: 1.9916, A= 14.2 G; m/z 171 (89%), 171 (11%) 

 

General procedure for the synthesis of the triple responsive polymer (PI and PII) PPFPA and 

Et3N were dissolved in 5 mL of freshly distilled THF. The solution was heated up to 45°C and 

azobenzene and amino-TEMPO (both dissolved in 0.5 mL of dry THF) were added. After 4 hours 

the solution was cooled down to room temperature. An excess amount of isopropylamine was 

added and the solution was allowed to stir for additional 18 hours at ambient temperature. Next, 

the solvent was evaporated and the residue was dissolved in 8 mL of Millipore water and dialyzed 

against Millipore water for 18 hours. The water was evaporated completely and the residue was 

dissolved in THF. After precipitation the polymer into dry diethylether, the polymer was 

centrifuged and dried for 5 hours in vacuum. 

 

Synthesis of the triple responsive polymer PI 300 mg (1.3 mmol) of  PPFPA, 0.25 mL (3.4 

mmol) of Et3N, 10 mg (0.037 mmol) of azobenzene (correspond to 3% in respective to the 

pentafluorophenyl moieties), 6 mg (0.037 mmol) of amino-TEMPO (correspond to 3% in 

respective to the pentafluorophenyl moieties) and 0.38 mL (9.3 mmol) of isopropylamine were 

used, following the general procedure for triple responsive polymers, to yield 146 mg of PI. FT-

IR (ATR-mode):νmax/ cm-1 1641 (C=O), 1534 (C=O), 1364 (C-N valence); ESR (continuous wave 

mode, in CH2Cl2): microwave: 9.42 GHz, g-value: 1.9890 
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Synthesis of the triple responsive polymer P2 300 mg (1.3 mmol)  PPFPA, 0.25 mL (3.4 mmol) 

Et3N, 10 mg (0.037 mmol) azobenzene (correspond to 3% in respective to the pentafluorophenyl 

moieties), 11 mg (0.063 mmol) amino-TEMPO (correspond to 5% in respective to the 

pentafluorophenyl moieties) and 0.38 mL (9.3 mmol) isopropylamine were used, following the 

general procedure for triple responsive polymers, to yield 126 mg of PII. FT-IR (ATR-mode): 

νmax/ cm-1  1641 (C=O), 1534 (C=O), 1364 (C-N valence); ESR (continuous wave mode, in 

CH2Cl2): microwave: 9.42 GHz, g-value: 1.9890 

 

Turbidity measurement Turbidity measurements were recorded on a JASCO V-630 

photospectrometer with a JASCO ETC-717 peltier element. The optical transmittance of a light 

beam (λ = 632 nm) was plotted versus the temperature of the sample quartz cell. The heating rate 

was 1°C per minute and the sample was stirred during measurement. The sample was prepared by 

dissolving 5 mg of the polymeric material in 1 mL of a 0.1 molar sodium sulfate solution. The 

ascorbic acid and the red prussiate were directly added as a powder and the solution was stirred at 

5°C. After 1 hour, the temperature was raised up to 45°C and the solution was separated with a 

syringe from the precipitated polymer. Next, the polymer was again dissolved in 1 mL of a 0.1 

molar aqueous sodium sulfate solution per mg of polymer. In the case of the red prussiate this 

purification step was repeated twice. 

Irradiation experiments of the polymer solution were performed in the 10 mm quartz 

cuvette placed in an ice bath and using an Oriel Instrument 500 W mercury lamp equipped with a 

365 nm filter for 1.5 hours. 
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Figure S1: 1H NMR spectra of PI in CDCl3. Due to the paramagnetic character of the TEMPO moiety, NMR 

spectroscopy measurements could only be achieved after treatment of a sample with ascorbic acid to reduce the 

TEMPO radical. 

 

Figure S2: ESR spectra for PI in CH2Cl2. Continuous wave mode, microwave: 9.42 GHz 
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PNIPAM test model 

In order to proof the influence of the added salts (ascorbic acid and red prussiate), a 

poly(N-isopropylamine) (PNIPAM) model system was prepared and treated with the 

corresponding salts. The addition of ascorbic acid yielded in a slight decrease of the LCST (figure 

S3). While 2.5 mg of ascorbic acid showed no difference, the addition of 29 mg lowered the 

LCST of PNIPAM of about 0.3°C. The effect of red prussiate was even more pronounced (figure 

S5). The addition of 128 mg red prussiate led to a decrease of the LCST of about 5°C. Removal of 

the red prussiate by precipitation of the polymer and followed by two washing steps could reverse 

the shift. 

 

 

Figure S3: Turbidity measurements of a PNIPAM test model to proof the influence of ascorbic acid upon the 

clouding point. (a) pure PNIPAM (black squares), clouding point: 29.1°C, (b)addition of 2.5 mg ascorbic acid 

(black circles), clouding point: 29.1°C, (c) addition of 8.1 mg ascorbic acid (black triangles), clouding point: 

29.0°C (d) addition of 28.6 mg ascorbic acid (black stars), clouding points: 28.8°C 
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Figure S4: turbidity measurements of PI to proof the influence of the cosmotropic salt sodium sulfate. (a) pure 

PI (black triangles), broad clouding point estimated at 30.2°C, (b) addition of 38 mg of sodium sulfate (black 

squares), clouding point at 14.6°C, (c) repeat of the same measurement in order to proof the accuracy of the 

measurement technique (black circles), clouding point at 14.6°C 

 

 

 

Figure S5: Turbidity measurements of a PNIPAM test model to proof the influence of red prussiate upon the 

clouding point. (a) pure PNIPAM (black triangles), clouding point: 33.6°C, (b) addition of 128 mg red prussiate 

(black squares), clouding point: 28.8°C, (c) two subsequent purification steps in order to remove the red 

prussiate (white circles), clouding point: 33.6°C 
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Figure S6: Turbidity measurements of the triple responsive polymer PI (first cycle). Left: (a) PI without any 

stimulus (black squares), (b) addition of 80 mg ascorbic acid (black circles), reduction of TEMPO, (c) irradiation 

with UV-light 365 nm for 2 hours (black triangles), cis-isomerization; right: (a) irradiated sample (black 

triangles), cis-conformation, (b) irradiation with visible light for 2 hours (black circles), trans-isomerization, (c) 

addition of 120 mg red prussiate (black triangles), oxidation of TEMPO 

 

 

Figure S7: Second cycle:Turbidity measurements of the triple responsive polymer PI.  Left: (a) PI without any 

stimulus (black squares), (b) addition of 80 mg ascorbic acid (black circles), reduction of TEMPO, (c) irradiation 

with UV-light 365 nm for 2 hours (black triangles), cis-isomerization; right: (a) irradiated sample (black 

triangles), cis-conformation, (b) irradiation with visible light for 2 hours (black circles), trans-isomerization, (c) 

addition of 132 mg red prussiate (black triangles), oxidation of TEMPO 

Table S1: Clouding points of the triple responsive polymer PI in dependence of the stimuli. Left the first cycle 

(fig. S6) and right the second cycle (fig. S7) 

 clouding pointfirst / °C clouding pointsecond / °C 
start 14.4 14.9 

ascorbic acid 15.7 16.1 
irradiation at 365 nm 16.0 16.4 
irradiation sunlight 15.6 16.1 
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red prussiate 14.6 15.0 
 

 

Figure S8: Turbidity measurements of the triple responsive polymer PI. (a) PI without any stimulus (black 

squares), (b) irradiation with UV-light 365 nm for 1.5 hours (black triangles), cis-isomerization (c) addition of 40 

mg ascorbic acid (black circles), reduction of TEMPO, (d) irradiation with UV-light 365 nm for 1.5 h (white 

squares) 

 

Table S2: Clouding points of the triple responsive polymer PI in dependence of the stimuli, when the polymer is 

irradiated with UV light first 

 clouding pointfirst / °C 
start 15.0 

irradiation at 365 nm 15.5 
ascorbic acid 16.0 

irradiation at 365 nm 16.3 
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Figure S9: Turbidity measurements of the triple responsive polymer PII. (a) PII without any stimulus (black 

squares), (b) addition of 91.5 mg ascorbic acid (black circles), reduction of TEMPO, (c) irradiation with UV-light 

365 nm for 2 hours (black triangles), cis-isomerization 

 

Table S3: Clouding points of the triple responsive polymer PII in dependence of the stimuli. 

 clouding pointfirst / °C 
start 13.9 

ascorbic acid 17.7 
irradiation at 365 nm 18.0 
irradiation sunlight 17.7 

red prussiate 14.0 
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Figure S10: Successive reduction of the triple responsive polymer PII determined by turbidity measurement. (a) 

without any stimulus (black squares), clouding point: 14.8°C, (b) first addition of  5 mg ascorbic acid (black 

circles), clouding point: 16.1°C (c) second addition of 5 mg ascorbic acid (black triangles), clouding point: 16.7. 

Please note, that the determination of the conversion rate is rather difficult due to the paramagnetic character of 

the TEMPO moieties. A quantitative analyses cannot be achieved by NMR spectroscopy and even an internal 

calibration with TEMPO using ESR spectroscopy contains errors roughly about 20%. 

 

Table S4: Characteristics table A) TEMPO based flip-flop. Inputs are S1 ascorbic acid (set) and R1 red prussiate 

(reset). B) azobenzene based flip-flop. Inputs are S2 UV light with 365 nm (set) and R2 light > 400 nm (reset). 

Please note that only one input can be active at a time  

A 
S1 R1 Q1 Q 1 
0 0 previous state 
1 0 1 0 
0 1 0 1 

 

B 
S2 R2 Q2 Q 2 
0 0 previous state 
1 0 1 0 
0 1 0 1 
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5.3 Functionalization and Patterning of Reactive Polymer Brushes Based on 

Surface Reversible Addition and Fragmentation Chain Transfer 

Polymerization  
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Abstract 

We present the synthesis of reactive polymer brushes prepared by surface reversible 

addition fragmentation chain transfer polymerization of pentafluorophenyl acrylate. The reactive 

ester moieties can be utilized to functionalize the polymer brush film with virtually any 

functionality by simple post-polymerization modification with amines. Dithiobenzoic acid benzyl-

(4-ethyltrimethoxylsilyl) ester was used as the surface chain transfer agent (S-CTA) and the 

anchoring group onto the silicon substrates. Reactive polymer brushes with adjustable molecular 

weight, high grafting density and conformal coverage through the grafting-from approach were 

obtained. Subsequently, the reactive polymer brushes were converted with amino-spiropyrans 

resulting in reversible light-responsive polymer brush films. The wetting behavior could be 

altered by irradiation with UV- or visible light, respectively. Furthermore, a patterned surface of 

polymer brushes was obtained utilizing a lithography technique. UV irradiation of the S-CTA 

modified substrates leads to a selective degradation of S-CTA in the exposed areas and gives 

patterned activated polymer brushes after a subsequent RAFT polymerization step. Conversion of 

the patterned polymer brushes with 5-((2-aminoethyl)amino)naphthalene-1-sulfonic acid resulted 

in patterned fluorescent polymer brush films.  The utilization of reactive polymer brushes offers 

an easy approach in the fabrication of highly-functional brushes, even for functionalities whose 

introduction is limited by other strategies.  
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1. Introduction 

 

Polymers chemically anchored on a surface, so-called polymer brushes, have received 

extensive attention for several decades. One synthetic strategy for preparing polymer thin films 

made up of polymer brushes uses the grafting-from technique, which yields a high grafting 

density of polymers with controllable coverage on the surface.1–3 Early applications of these kinds 

of brushes involved the prevention of the flocculation of colloidal particles,4,5 but more recently 

polymer brush films have been employed in more advanced applications such as smart surfaces, 

ion sensors6, drug delivery7, protein immobilization8, controlled cell growth9 and external stimuli 

responsive coatings10–12. 

Each application requires a special functionality of the polymer films, and, accordingly, 

the control of functionalization of polymer brushes plays an important role in the area of surface 

science.13–15 Recently, functional polymer brushes from planar substrates have been studied in 

order to develop strategies for the preparation of functional surfaces. In general different 

polymerization techniques are suitable for the preparation of polymer brushes via surface initiated 

process16,17, but in particular controlled radical polymerization (CRP) techniques have received 

intensive attention for the preparation of polymer brushes due to the ability to control the 

molecular weight, composition and architecture of tethered polymers. However, nitroxide-

mediated polymerization (NMP) and atom transfer radical polymerization (ATRP) have mostly 

been used in the preparation of polymer brushes.18–24 The first application of surface RAFT 

polymerization (S-RAFT) to prepare brushes tethered to flat surfaces was demonstrated by Tsujii 

and Brittain.10–12,25–27. More recently, Woisel et al. reported the synthesis of polymer brushes using 

RAFT polymerization (S-RAFT)28, which offers distinct synthetic advantages due to the well-

controlled character of S-RAFT such as narrow PDIs and high retention of tethered polymer chain 

end functionalities for further re-initiation.17,24 It is important to note that although RAFT is 

characterized as one type of  CRPs, mechanistically, the chain transfer dominant nature of the S-
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RAFT process differs from surface initiated (SI) -ATRP, or SI-NMP, as the attachment motif of 

the tethered chain transfer agent may proceed through either “R” or “Z” groups, which affect if 

growing chains are truly initiated from the substrate, or grafted onto the substrate via the chain 

transfer processes.  Furthermore, the high concentration of thioester RAFT transfer agents on the 

surface of functionalized planar substrate may require an induction period in the overall 

polymerization. Hence, the utilization of S-RAFT for the preparation of well-defined polymer 

brushes on planar substrates has not been extensively investigated in comparison with other CRP 

techniques. Nevertheless, the inherent versatility and functional group tolerance of the S-RAFT 

process are attractive and have recently been exploited by Advincula et al.29 and Caykara et al.30 

They reported the synthesis of polymer brushes grafted from electropolymerized polythiophene 

RAFT agent surfaces and cationic N-[3-(dimethylamino)propyl]methacrylamide brushes on 

silicon substrate, respectively. 

In contrast to surface initiated polymerizations with a targeted monomer to prepare 

polymer brushes with a specific function, the post-polymerization modification of well-defined 

reactive polymer brushes would also be an attractive platform-type approach to prepare a library 

of tethered polymers from a single precursor brush film. In these systems, the key factors that 

control the degree of functionalization on polymer brushes are the reactivity of the precursor 

polymer brush as well as the density of tethered polymers on a desired substrate.31 One early 

example was published in 2006 by Rühe and coworkers, who fabricated activated polymer 

brushes based on a NHS modified methacryloyl-β-alanine derivative in an uncontrolled fashion, 

which could be aminolyised subsequently.32 Another example was given in 2009 when Locklin et 

al. demonstrated the synthesis of reactive polymer brushes based on N-hydroxysuccinimide 4-

vinyl benzoate (NHS4VB) using SI-ATRP, which readily afforded a wide range of functional 

polyacrylamide brushes by the simple treatment with amines.33 Despite the success of these NHS 

brush systems, there remain exciting opportunities to develop novel, efficient and versatile post-

polymerization methods to functionalize homopolymer or copolymer brush thin films. 

Theato and co-workers developed an attractive class of reactive polymers for the post-

polymerization modification based on pentafluorophenyl (PFP) esters which allow for convenient 

and versatile functionalization of (co)polymers and thin films with an excess of primary amines at 

room temperature with quantitative conversions in less than 1h.34–38 This methodology enabled the 

preparation of a wide range of functional poly(meth)acrylamides and polystyrenics.36,39  

Recently, this polymer functionalization methodology was applied to the facile synthesis 

of a number of organic/inorganic nanocomposite materials. The use of inorganic/organic hybrid 

polymers enabled possible routes to functionalize surfaces with a simple coating step, while the 

conversion with amines resulted in functional surfaces that could find many applications such as 
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for protein immobilization,38 surface wettability,40 responsive coating41 and for optoelectronic 

devices on ITO surfaces.42 

Herein, we report on the investigation of the combination of S-RAFT of functional PFP-

based acrylates with post-polymerization functionalization of polymer brushes prepared by S-

RAFT. Based on a “grafting-from” approach, dithiobenzoic acid benzyl-(4-ethyltrimethoxylsilyl) 

ester was first prepared as the surface-immobilized chain transfer agent (S-CTA). Subsequently, 

PFPA brushes with different thickness and coverage were prepared. With the subsequent post-

polymerization modification step, the poly(PFPA) brushes were further converted with amino-

spiropyrans, resulting in light-responsive polymer brushes. Furthermore, patterned reactive 

poly(PFPA) brushes were obtained by the simple exposure to UV through patterns to deactivate 

the surface-bound chain transfer agents and converted into patterned fluorescent polymer brushes 

by the reaction with 5-((2-aminoethyl)amino) naphthalene-1-sulfonic acid (EDANS).  

2. Experimental Section 

 

2.1 Materials. All chemicals and solvents were purchased from Sigma-Aldrich and used as 

received, except dithiobenzoic acid benzyl-(-4-ethyltri methoxylsily) ester, benzyl dithiobenzoate, 

pentafluorophenyl acrylate and amino-spiropyrane, which were synthesized according to methods 

published previously.43–45 

 

2.2 Synthesis of Dithiobenzoic Acid Benzyl-(4-ethyltrimethoxysilyl) Ester (S-CTA). The 

dithiobenzoic acid benzyl-(4-ethyltrimethoxylsilyl) ester (SI-CTA) was synthesized following 

literature procedures.43 (Yield 17.3g, 70%) 1H NMR (CDCl3) δ: 7.98 (m, 1H), 7.27 (m, 8H), 4.54 

(d, 2H), 3.54 (s, 9H), 2.73 (m, 2H), 1.02 (m, 2H). 13C NMR (CDCl3) δ (ppm): 144.61, 134.81, 

128.54, 128.04, 50.38, 28.35, 11.09. FD mass spectra: 392.3 (100.0%), 3 93.3 (26.1%), 394.3 

(12.4%), 274.2 (11.8%).  

 

2.3 Surface Anchoring of S-CTA Initiator Layers on Silicon Substrates. Silicon wafers (100) 

were cut into rectangular pieces (approximately 18 mm X 18 mm) and sonicated in ethanol for 5 

min. The wafers were dried in a nitrogen stream and cleaned using piranha solution (70% H2SO4 

and 30% H2O2) (Caution! Piranha solution is highly corrosive) for 30 min and rinsed with 

18.2MΩ deionized water and dried again. The surface was activated in a UV/ozone chamber for 

30 min and placed into a 5mM solution of the S-CTA in toluene afterwards. After 6 hours, the 

samples were sonicated in toluene for 5 min and dried under a nitrogen stream. In a vacuum oven 

the substrates were kept overnight at 80 °C.  
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2.4 Preparation of Photo-Patterned S-CTA Initiator Layers. The S-CTA modified silicon 

surface was patterned by exposure to ultraviolet (UV) light with 254nm wavelength using 

Transmission Electron Microscopy (TEM) Cu-grids (300 mesh) as photomasks. The TEM Cu 

grids were placed on the S-CTA modified substrate and irradiated with UV light for 90 min to 

degrade the S-CTA molecules within the exposed areas. Afterwards, the sample was washed with 

toluene and dried in a nitrogen stream. The patterned surfaces were immediately used for the 

polymerization. 

 

2.5 Synthesis of Pentafluorophenyl Acrylate Ester (PFPA)37,39. 39.06 g (0.21 mol) of 

pentafluorophenol and 25.5 g (0.25 mol) of triethylamine (TEA) were dissolved in 300 mL of 

diethyl ether and 22.8 g (0.25 mol) of acryloyl chloride in 10 mL diethyl ether were added 

dropwise through a dropping-funnel under cooling with an ice bath. After stirring for an 

additional 3 h at room temperature, the precipitated salt was removed by filtration. The solvent 

was removed under reduced pressure and the crude product was further purified using column 

chromatography (column material: silica gel, solvent: petroleum ether). A colorless liquid was 

obtained. (Yield 40g, 80%) 1H NMR (CDCl3) δ: 6.70 (d, 1H), 6.35 (dd, 1H), 6.16 (d, 1H). 19F 

NMR (CDCl3) δ: -161.77 (d, 2F), -156.88 (t, 1F), -151.79 (d, 2F). FT-IR: 1772 cm-1 (C=O 

reactive ester band), 1516 cm-1 (C=C aromatic band). 

 

2.6 Synthesis of Benzyl Dithiobenzoate (BDB). BDB was synthesized according to a procedure 

published before.44 (Yield 5.96 g, 61%) 1H NMR (CDCl3) δ: 8.0 (m, 2H, ArH), 7.22-7.52 (m, 8H, 

ArH), 4.59 (s, 1H, CH2-Ph). 

 

2.7 Poly(PFPA) Brushes via S-RAFT Polymerization. The S-CTA modified substrates were 

placed in a 20 mL Schlenk flask. 3.3 g (14 mmol) of pentafluorophenyl acrylate, 5 mg (0.02 mmol) 

BDB, 0.4 mg (0.0025 mmol) of 2,2’-azobis(2-methylpropionitrile) (AIBN) and 3 mL of anisole 

were added and the solution was degassed three times. The reaction mixture was magnetically 

stirred at 70 °C for 4 h and cooled down to room temperature. The non-bonded polymer was 

precipitated into methanol and re-precipitated twice from THF into methanol and used for 

characterization by GPC and NMR. The substrates were rinsed with copious amounts of toluene 

and sonicated in several washing steps for 5min and then dried in a nitrogen stream subsequently. 

In order to determine the polymerization kinetics of poly(PFPA), ten polymerizations were 

conducted applying the same conditions, but stopped at different time intervals from 0.5 h to 4.5 h. 

1H NMR (CDCl3) δ: 3.10 (br, s), 2.51 (br, s), 2.13 (br, s). 19F NMR (CDCl3) δ: -163.55 (br, s), -

158.25 (br, s), -154.42 (br, s). 
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2.8 Synthesis of Amino-Spiropyran. The dye was synthesized as based on previously published 

methods.45 1H NMR (DMSO-d6) δ: 8.20 (d, 1H), 7.98 (dd, 1H), 7.18 (d, 1H), 7.10 (m, 2H), 6.84 

(d, 1H), 6.66 (t, 1H), 5.96 (d, 1H), 3.87 (d, 1H), 3.72 (t, 1H), 3.00 (m, 2H), 2.35 (m, 4H), 1.24 (s, 

3H), 1.16 (s, 3H), 1.05 (s, 2H). ESI mass spectra: 425.3 (2.04%), 424.2 (16.37%), 423.2 (100.0%), 

276.2 (3.08%), 275.2 (2.04%), 274.2 (6.83%). 

 

2.9 Post-Modification of Poly(PFPA) Brushes with Primary Amines. The substrate with  

poly(PFPA) brushes was dipped into a 1 wt % THF solution of amino-spiropyran for 1 hour at 

room temperature. For fluorescent brushes, the substrates were dipped into a 1 wt % DMSO 

solution of 5-((2-aminoethyl)amino)naphthalene-1-sulfonic acid (EDANS) with triethylamine 

(TEA) under the same conditions. Afterwards, the wafers were washed with the corresponding 

solvent several times and dried in a nitrogen stream.  

 

2.10 Characterization. 1H NMR spectra were recorded on a Bruker 300 MHz FT-NMR 

spectrometer, and 19F NMR spectra were recorded on a Bruker DRX 400 FT-NMR spectrometer. 

Chemical shifts were given in ppm relative to trimethylsilane (TMS). FT-IR spectroscopy 

measurements were performed with a FT-IR-200 spectrometer (JASCO Corporation.) Gel 

permeation chromatography (GPC) was used to determine the molecular weight and the 

corresponding molecular weight distributions (Mw/Mn) of the polymer samples. GPC (YL9100, 

Young Lin Instrument Co. LTD.) measurements were performed under poly(styrene) standards in 

THF with 2 mg/mL polymer sample concentration. The film thickness and surface morphology 

were obtained by ellipsometry (Elli-SE-U, Ellipso Technology Corp.) with a HeNe laser at λ = 

632.6 nm at a constant incident angle of 70˚ and atomic force microscopy (AFM, Digital 

Instruments, Nanoscope IIIa) in tapping mode, respectively. Static contact angles of water on 

polymer brush surface were measured using a DSA 100 drop shape analysis system (Krüss GmbH) 

at room temperature. Patterned poly(PFPA) brushes films were imaged by a field emission 

scanning electron microscope (FE-SEM, LEO 1550-VP) and the fluorescent images from 

patterned brushes were obtained using confocal laser scanning microscopy (CLSM, Eclipse 90i, 

Nikon). X-ray photoelectron spectroscopy (XPS, AXIS-His, KRATOS) was used for determining 

the composition of the films. UV/Ozone chamber (AH-1700, AHTECH LTS Co. LTD.) was used 

to activate silicon wafer in a cleaning step and a 254 nm wavelength UV light source (VL-6, 

VILBER Lourmat) was used for irradiation to remove SI-CTA initiator in selected areas. To 

induce the reversible ring open/close reaction of spiropyran, a UV light source (MT-UV-A 08, 

Fusion Cure System) was used with a 365 nm wavelength and a power of 10 mW/cm2. The 

visible light source was a 30 W quartz halogen fiber optic illuminator (Fiber-Lite, Model 190). 

 



- 84 -오류! 여기에 표시할 텍스트에 Überschrift 1 을(를) 적용하려면 [홈] 탭을 

사용하십시오. 

 

 

 

3. Results and Discussion 

 

3. 1 Synthesis of Poly(PFPA) Polymer Brushes 

Dithiobenzoic acid benzyl-(4-ethyltrimethoxylsilyl) ester was first synthesized to enable 

the direct S-RAFT from Si substrates. For the immobilization of surface chain transfer agents (S-

CTAs), the substrate was cleaned by piranha solution, followed by UVO treatment to activate Si-

OH groups for the siloxane coupling of the thioester functional silanes. The substrate was then 

immersed in toluene solution of S-CTA for 6 h in order to have OH groups of the substrate react 

with the methoxysilane groups from S-CTA (scheme 1a). Afterwards heat treatment at 80 °C was 

performed overnight to achieve stable covalent bonds between the RAFT agent and the substrate. 

The modified surface (scheme 1b) was characterized by contact angle measurements, showing a 

static water contact angle of 72˚. Additionally, XPS measurements were conducted and the peaks 

of the corresponding single (C-S) and double (C=S) bond of the 2s sulfur originating from the 

dithioester group were confirmed (figure 6a.).  

In the synthesis of poly(PFPA) brushes based on S-RAFT, “sacrificial” free chain transfer 

agent benzyl dithiobenzoate (BDB) was added to the polymerization solution, allowing the 

concomitant control of overall concentration of monomer and chain transfer agents in connection 

to the control of molar mass and film thickness of tethered polymer brushes while, at the same 

time, to maintain the correlation of molecular weight of tethered chains with “free”, non-tethered 

polymers grown in solution (scheme 1c). In this fashion, certain characteristics of the surface-

initiated polymerization could be indirectly analyzed by the “free” polymer because Mn and PDI 

are known to be comparable as far as “free” polymer and grafted polymer are concerned.27 This 

practice is still controversial and recent publications revoke the assumption of an comparable 

average molecular weight between the bulk and surface polymerized polymers, based on Monte 

Carlo simulations46,47 and extensive experimental studies.48 The authors found that the molecular 

weight of the surface grown polymer was always smaller than the molecular weight of the bulk 

polymerized polymers, which is attributed to a limited monomer delivery and the reduction of the 

effective monomer concentration near the growing end, as a consequence of the increasing 

polymer fraction, which hides the growing polymer end. Being aware of these contradictions, this 

method was nevertheless used to calculate an estimate of the upper limit in respect to the 

molecular weight. It was found that anisole is the best solvent to control the polymerization 

kinetics of PFPA while achieving a sufficient high conversion up to 60% during the synthesis of 

polymer brushes. After the surface initiated polymerization the contact angle of the PFP polymer 

brush film was determined to be 96˚, which was in agreement with a previous report on 

poly(PFPA) thin films.40 Additionally, AFM was used to characterize the surface topography 
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during the formation of reactive polymer brushes and the data are presented in the supporting 

information.  

 

     

Scheme 1: Synthetic scheme for the surface RAFT polymerization of PFPA polymer brushes and their subsequent 
post-modification. 

 

3. 2 Kinetics of PFPA Polymerization 

 

The characterization of the S-RAFT process was conducted through the tracking of 

polymerization kinetics as well as the correlation of recovered free polymer molar mass with 

polymer brush film thickness.  For this purpose, ten poly(PFPA) brush films were grafted from 

silicon surfaces under the same polymerization condition with a molar ratio of monomer [M]o to 

chain transfer agent [CTA]o of 700:1 at different polymerization times ranging from 0.5 to 4.5 h. 

The molecular weights and molecular weight distributions (Mw/Mn) were determined by GPC 

analysis of the free and unbound polymer chains, which were assumed to have the same chain 

characteristics like polymer brushes. Additionally, the polymer brush thickness was determined 

by ellipsometry. The grafting parameters such as surface coverage, grafting density and the 

distance between grafting sites were estimated from the dry film thicknesses measured by an 

ellipsometer and the results are summarized in table 1. 
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                   A (mg/m2)  =  h (nm) * ρ (g/cm3)                   (1) 

                 σ (chains/nm2)  =  (6.023A*100) /Mn             (2) 

                              D (nm) = (4 / σ π)1/2                             (3) 

where ρ (1.45 g/cm3) is the density of poly(PFPA) film (table S1) and Mn is the number-average 

molecular weight (MW) of the grafted polymer chains, which is assumed to be the same as that of 

the unbound polymer chains in solution (table 1.). The narrow PDI indicates the controlled growth 

of the polymer brush chains. Due to the consistent grafting density between 0.22 and 0.27 chains 

per nm², the poly(PFPA) brush can be considered as a type of semi-dilute brush.49 

In figure 1a, the thickness of polymer brushes is plotted against polymerization time. At 

70°C in anisole the brush thickness initially increases linearly with polymerization time up to 2 h 

of polymerization. After 2 h when the polymerization reached a conversion of 60%, the brush film 

growth began to slow down and reached a plateau value of 26 nm in film thickness (figure 1a.). 

The plateau reached at 60% can be explained by the combination of two effects. First, the limited 

mobility of the surface bound growing chain, and second, the increasing size of the growing chain 

in solution with increasing conversion, appear to be conflicting with the grafting process. 

Nevertheless, this process allows a precise adjustment of the film thickness of the polymer 

brushes in the regime from 5 nm to 25 nm. Furthermore, it is noted that the surface coverage of 

polymer brushes shows the concomitant linear increase with the increase in molecular weight or 

polymerization time.  
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Table 1: Summary of polymerization kinetics of poly(PFPA) brushes. 

Reaction 

Time (h) 

Mn / Mw        

(g/mol) 
PDI 

Thickness 

(nm) 

Coverage 

(mg/m³) 

Grafting 

Density 

(chains/nm²) 

Distance 

(nm) 

0.5 21 800 / 23 300 1.1 7 9 0.3 2.2 

0.6 35 900 / 38 900 1.1 10 15 0.2 2.3 

0.7 41 700 / 46 100 1.1 10 14 0.2 2.4 

0.8 49 700 / 54 800 1.1 13 18 0.2 2.3 

0.85 53 400 / 60 200 1.1 16 24 0.3 2.1 

0.9 55 400 / 60 200 1.1 17 25 0.3 2.1 

1.2 72 500 / 86 600 1.2 20 30 0.2 2.3 

1.4 84 700 / 104 000 1.2 23 33 0.2 2.3 

2.0 96 000 / 103 000 1.1 26 38 0.2 2.3 

4.5 103 400 / 119 000 1.2 26 38 0.2 2.4 

 

 

Figure 1: (a) Thickness profiles and kinetics of poly(PFPA) brushes. (b) The surface coverage plotted against 
molecular weight of brushes. 

 

3.3 Patterned Poly(PFPA) Brushes  

 

To demonstrate the capability to differentially functionalize and pattern poly(PFPA) 

polymer brushes, the UV-degradation through TEM grids, which were employed as masks, was 

conducted on RAFT CTA functional thioester monolayers. Patterned polymer brushes are 

believed to find many useful applications such as microarrays, cell adhesion, fluorescent imaging, 

biosensors and so forth.50,51 Quinn et al. found that dithiobenzoates are the most sensitive to UV 

irradiation among all kinds of dithioesters. They have shown that 1-phenylethyl dithiobenzoate 



- 88 -오류! 여기에 표시할 텍스트에 Überschrift 1 을(를) 적용하려면 [홈] 탭을 

사용하십시오. 

 

 

decomposes much faster than 1-phenylethyl phenyldithioactetate during UV irradiation.52–54 This 

UV induced decomposition of dithioesters could be effectively utilized for the preparation of 

patterned polymer brushes. Selective irradiation would destroy the grafted S-CTAs only in the 

irradiated regions, thus eliminating the opportunity to grow polymer brushes in the selected region. 

As a result, a S-CTA modified surface was exposed to 254 nm UV light, using a TEM Cu-grid as 

a mask in order to selectively degrade the dithioester end groups in the exposed area. XPS 

measurement was performed after the UV irradiation to confirm the selective degradation of 

immobilized CTAs. The S2s peaks at a binding energy of 227 eV and 234.5 eV originating from 

the dithioester are identified before UV irradiation, but the peak at 227 eV completely disappears 

after 90 min of UV treatment leaving behind a single peak at 234.5 eV corresponding to the S2s 

binding energy based on C-S bonds. 

 

Figure 2: Sulfur peaks (2s) from XPS spectra recorded on Si-CTA modified silicon wafers. (a) before UV 
irradiation (b) after UV irradiation. Note that the green peak, which corresponds to the C=S bond, completely 
disappeared upon UV (254 nm) irradiation for 90 min. 

 

Following the patterning step of CTA functional monolayers on Si wafers, the S-RAFT of 

PFPA was performed based on the reaction conditions previously described to prepare polymer 

brushes with 70 mm feature size. The film thickness of patterned brushes (D = 12 ± 0.5 nm) 

determined from AFM height topography was comparable to the ellipsometric thickness of 16.4 

nm, which is in reasonable agreement with the molecular weight of free poly(PFPA) of Mn = 

53,000 g/mol (figure 5d). The experimentally determined film thicknesses of poly(PFPA) brushes 

were found to be lower than the maximum theoretical thickness of a fully stretched polymer brush 

(44 nm) of fully stretched polymer brushes of Mn = 53.000 g/mol.  The discrepancy can be 

attributed to (a) the molecular weight, which was determined by GPC and, thus, merely represents 

the absolute molecular weight and (b) the grafting density of ca. 0.2 chains/nm2. 
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3.4 Post-Polymerization Modification 

With poly(PFPA) reactive polymer brushes in hand, further modifications of “reactive” 

brushes with either dye-functional, or photochromic amines were conducted by post-

polymerization modification. Based on this simple post-modification strategy, photochromic 

functional brushes showing photoresponsive wetting were prepared in conjunction with 

fluorescently labeled tethered thin films.   

 

3.4.1 Light-Responsive Surface by Post Modification with Spiropyran-Amines  

 

Since the first report by Fischer and Hirshberg in the 1950s, spiropyran belongs to one of 

the most extensively studied classes of photochromic organic compounds.55,56 Spiropyrans exhibit 

the reversible photo-induced isomerization from the closed spiro- (SP) to the colored open 

merocyanine form (MC) during UV irradiation with λ = 365 nm (figure 3).55,57 The merocyanine 

form, which is the resonance isomer of neutral and zwitterionic structures, is more polar than the 

SP form and also could be readily converted back to the closed MC form upon heating or 

irradiation with visible light, λ > 400 nm.58 Due to the strong photo-induced change in dipole 

moment, the utilization of amine containing spiropyran derivatives allows us to convert 

poly(PFPA) reactive brushes to light-responsive functional polymer brushes. Motivated by the 

previous study conducted by our group, it could be shown that such spiropyran surfaces result in 

the reversible switching surface wettability of over 30° in terms of water contact angle.45 

The reactive polymer brushes prepared in the present study could be utilized to realize 

different functions in thin films, yielding highly adaptive functional surfaces depending on desired 

demands. In order to demonstrate the power of the simple post-polymerization modifications the 

PFPA-brushes were treated with amine-containing spiropyran moieties, yielding a light-

responsive surface. The conversion was followed by XPS (figure 4a). The disappearance of the 

fluorine signal at 690 eV and the concurrent evolution of a nitrogen signal at 400 eV confirm that 

the pentafluorophenyl ester moieties could successfully be substituted by the light-responsive 

spiropyran moieties. It should be noted that XPS in general is useful for very thin films only and 

may lose its validity in terms of a complete conversion, when films with a thickness larger than 15 

nm are characterized. For that reasons samples were prepared with a thickness of around 12 nm 

and subsequently converted with amines in a post-polymerization modification. However, Theato 

and coworkers showed by using FT-IR spectroscopy that even thicker PFPA based polymer films 

could be converted completely with amines.38 
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In order to determine the impact of the modification with spiropyran moieties in terms of 

the change in surface properties during UV irradiation, water contact angle measurements were 

conducted. For the UV treatment, the polymer brush films were first wetted with DMF and 

subsequently exposed to UV light fixed at 365 nm for 10 minutes. Figure 4 clearly shows the 

significant contrast of water contact angle before and after UV irradiation. The water contact 

angle decreased from 82° to 53°, when the spiropyran moieties attached to the modified brushes 

was photo-isomerized, yielding more hydrophilic merocyanine isomer (figure 4b). The initial 

contact angle was resumed by the exposure to visible light within 10 minutes. The reversible 

switching between the two isomeric states of spiropyrans was repeated several times, yielding the 

same contact angle value after each cycle, thereby demonstrating the reversible character of the 

photo-isomerization. 

 

Figure 3: Photo-induced isomerization of spiropyrane derivatives. 
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Figure 4: Post-modification with amino-spiropyran characterized by (a) XPS (thickness 12 nm),  (b) 
static contact angles upon UV (365 nm) and visible light (495 nm) exposure. 

 

3. 4.2 Functionalization of Reactive Brushes with EDANS Dyes 

 

The high reactivity of reactive polymer brushes based on activated esters facilitates the 

facile introduction of amine containing fluorescent dye molecules like (5-((2-aminoethyl) 

amino)naphthalene-1-sulfonic acid (EDANS). Our group has previously reported that EDANS 

dyes are the relevant compounds showing both high conversion with PFP-ester functional groups 

and the efficient fluorescence characteristic.13 Accordingly, the photo-patterned polymer film was 

treated for 1 hour at room temperature with 2 ml of DMSO solution containing 20 mg of EDANS 

and 0.1 ml of triethylamine. Afterwards, the film was washed several times with DMSO using an 

ultra sonicator. Due to the hydrophilic sulfonic acid moieties of EDANS, the contact angle 

measured of the polymer brush after conversion with EDANS dramatically decreased to 23° 

(figure 5e), which is again a nice example for the change in surface wetting properties.  

The confocal fluorescence image in figure 5c shows the blue fluorescence originating 

from the EDANS dye molecules (λex = 365 nm and λem = 490 nm), which were covalently bound 

to the reactive polymer brushes. Also, note that the region where no polymer brushes with 

reactive moieties exist remains dark in fluorescence. This experiment clearly demonstrates the 

novel and easy approach towards the precise light-induced patterning of reactive polymer brushes 

that allow the subsequent post-polymerization modification resulting in fluorescently patterned 

surfaces (figure 5). It needs to be mentioned here that patterning with TEM grids does not belong 

to the cutting edge of patterning techniques. The results reported in the present study are rather a 

proof of principle, suggesting that more sophisticated nano-patterning methods are also feasible in 

this reactive brush system. 
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Figure 5: Patterned brushes functionalized by EDANS (a, b) FE-SEM images of patterned poly(PFPA) brushes 
with TEM Cu-grids, used as photomasks, upon UV irradiation at 254 nm for 90 min (dark area: polymer 
brushes, bright area: bare Si wafer). (c) A fluorescent image obtained by confocal laser scanning microscopy 
(CLSM). (d) A AFM height image of poly(PFPA) brushes (53,000 g/mol): 12 ± 0.5 nm (compared with the 
ellipsometric data: 16.4 nm) (e) Static water contact angles before and after post-modification of reactive brushes 
with EDANS. 

 

4. Conclusions 

 

Reactive polymer brushes, based on pentafluorophenyl acrylate monomers, have been 

prepared utilizing the surface reversible addition and fragmentation chain transfer polymerization 

strategy. The polymer brushes prepared showed the linear growth of film thickness at the early 

stage of polymerization and the surface coverage controlled by the increase in molecular weight 

of polymer brushes. 

We further demonstrated that the activated ester moieties remaining in the reactive 

polymer brushes could be utilized for post-modification, yielding highly functional surfaces. As 

an example, we modified the reactive polymer brushes with an amine-containing spiropyran 

derivative. The resulting light-responsive film exhibited the reversible switching in its surface 

wettability with a remarkable change in the water contact angle of 30°. Due to the photo-

degradation nature of chain transfer agents anchored on a silicon wafer, patterned structure of 

poly(PFPA) brushes was also feasible. They were then post-modified with fluorescent dye 

EDANS to demonstrate patterned fluorescent brush surfaces.  

These exemplary experiments demonstrated the versatility of the activated polymer 

brushes approach, which combines both the precise control of S-RAFT polymerization and the 
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easy post-modification to virtually any functionality in order to create functional films in response 

to desired demands. 
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Figure S1: AFM topographic images under ambient condition and static contact angles for (a) cleaned silicon 
wafer by piranha solution and UVO (RMS = 0.22 nm), (b) Si-CTA anchored silicon wafer (RMS = 0.60 nm) and 
(c) poly(PFPA) brushes (RMS = 1.03 nm). 
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Figure S2: UV-VIS spectroscopy (a) UV(365 nm) irradiation for 15 sec in chloroform (b) Solvent effect in DMF 
and methanol, respectively. 

 

Table S1: Calculation of polymeric density of PFPA monomers. 

Poly(PFPA) 
 Molar Volume 

Incrementsa 
(cm3/mol) 

-CH2- 16.37 

-CH- (trivalent) 9.85 

-COO- 23 

-phenyl 64.65 

-F 5 x 10 

Total Molar Volume 163.87 

Molar mass of repeat unit (g/mol) 238.11 

Density of repeat unit (g/cm3) 1.45 
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5.4 Layer-by-Layer Deposition in Nano-porous Aluminum Oxide – Production of 

Reactive Polymeric Nanotubes  

 

P. S. Schattling, T. Hadler, A. Mews, P. Theato 

Abstract 

Covalently cross-linked polymeric nanotubes of poly(pentafluorophenyl acrylate) (PPFPA) 

and poly(allyl amine) (PAAm) have been fabricated by a layer-by-layer (LbL) deposition 

approach within a nano-confined geometry. In a subsequent post-modification step two 

fluorescent dyes were incorporated into the polymeric nanostructure in order to probe the 

existence of remaining functional groups by confocal laser microscopy. The utilization of this 

approach offers an effective and versatile strategy to produce polymeric nanotubes with 

customized thickness and control over the chemical properties of the nanotubular surfaces, which 

can be modified subsequently according to the corresponding demand.  
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Introduction 

Nanostructures have attracted great attention in recent years. Because of their unique 

mechanical, electrical and optical properties, they are not only an integral part in nanoscience1,2, 

but also in biotechnology.3–5 Especially nano-objects with high aspect ratios gain interest, because 

they can combine a large specific surface with their anisotropic nature.6 For the fabrication of 

nanotubular structures two major strategies are employed: the utilization of precursor 

compounds7–9 and the replication of the spatial order of a template with the desired material.10–12 

In comparison to the latter approach the application of the self-assembly strategy, which is 

doubtless the most elegant method, may be limited, because the used materials require an intrinsic 

structural information in order to self-assemble. In the template process the order is already 

implemented in the substrate and just needs to be replicated, which can be utilized for a broad 

range of materials, in a simple process. Wendorff investigated the wetting behavior of polymeric 

melts and solutions, when spread on a nano-porous oxide membranes.6,13,14 They proposed that the 

infiltration of the nano-porous material is separated into two steps. The first one is the wetting of 

the oxide wall with the polymer, which occurs within seconds. And the second step is driven by 

cohesive forces, requiring much more time. The fast first wetting step is fundamental for the 

application of a layer-by-layer deposition (LbL) within a confined geometry, since only the 

polymer molecules near the pore wall or the previous layer, respectively, are important for the 

successful assembly of a multilayer film. 

In this context the utilization of nano-porous materials like anodized aluminum oxide 

(AAO)15,16 in combination with a layer-by-layer deposition method17,18 is a well-established 

strategy to build one-dimensional nanostructured materials in an easy and well-controlled manner, 

which can be utilized for stimuli-induced ultrafiltration,19,20 nanoactuation,21 ion-separation22,23 

and catalysis.24 

The nano-porous substrate serves as a template, ensuring a uniform structure, while the 

LbL technique enables the control of the thickness and functionality of the multilayered material. 

In contrast to flat substrates, the LbL assembly in a confined geometry offers some difficulties: 

the diffusion into the nano-pores is limited by the pore diameter and can only proceed through the 

pore opening. The pore diameter is further decreased by the continuous deposition of the 

polymeric species, which gets particular serious when charged species are used. This may lead to 

a clogging of the pores.25,26 In order to avoid this event, it is necessary to pay particular attention 

to the ionic strength, pH value and molecular weight, as they strongly influence the charge density 

and structure of the polymeric chain.18,27–31 Obviously some of these parameters can only be 

controlled for polyelectrolytes, but fail when uncharged species are utilized.  
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Most common nanotubular structures are assembled in a LbL deposition of 

polyelectrolytes.19,25,26,32,33 The utilization of polyelectrolytes may not be advantageous when a pH 

independent stability of the films is required. When a high mechanical stability of the 

multilayered object is required, films comprised of polyelectrolytes have to be cross-linked in a 

subsequent post modification step.34–37 As such a covalently linkage between each layer that is 

formed during the LbL process, is highly desirable, however only a few examples were 

reported.38–40 

The choice of the polyelectrolyte pair is crucial for the success of the LbL deposition. In 

order to obtain stable structures, the charge density of each species should be similar in the case of 

strong polyelectrolytes.17,41 When working with neutral polymers, the species should be highly 

reactive towards each other to ensure a sufficient degree of conversion. Considering these 

prerequisites, only a limited number of appropriate polymer pairs are suitable for the LbL 

deposition. In this context a synthetic platform would be highly desirable, which allows the 

introduction of virtually any functionality without any limitations. 

In this work we present the LbL assembly of poly(pentaflourophenyl acrylate) (PPFPA) 

and poly(allylamine) (PAAm) in nano-porous AAO. The obtained well-defined multilayered 

nanotubular structures were covalently bonded, stable against any organic solvent and 

independent of the pH value. The remaining amine groups could be modified in a subsequent 

post-modification step.  Utilizing this strategy we were able to modify the obtained nanostructures 

according to our demands. 

Experimental Section 

Materials. All chemicals and solvents were commercially available and used as received unless 

otherwise stated. (3-Aminopropyl)triethoxysilane (APTES) was purchased from Alfa Aesar, a 15 

wt% aqueous solution of Mw = 15000 g*mol-1 poly(allyamine) (PAAm) was purchased from 

PolyScience and poly(pentaflourphenylacrylate) (PPFPA) with a molecular weight of Mn = 12 

000 g*mol-1 and a molecular weight distribution of Mw/Mn = 2.1 was synthesized in a free radical 

fashion. 5-(2-Aminoethylamino)-1-naphthalenesulfonic acid sodium salt (EDANS) and 

Rhodamine B (Rho B) were purchased from Sigma-Aldrich. 

Instrumentation. 1H-NMR spectra were recorded on a Bruker Fourier 300 MHz NMR 

spectrometer in deuterated solvents. 19F-NMR spectra were recorded on a Varian Gemini 2000BB 

NMR spectrometer. The chemical shifts (δ) were given in ppm relative to trimethylsilane (TMS).  

Gel permeation chromatography (GPC) was used to determine the molecular weight and the 

corresponding molecular weight distributions(Mw/Mn) of the polymer samples with respect to 
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polystyrene standards. GPC measurements were performed in THF. The flow rate was 1.0 

mL*min-1 using a pump (Intelligent Pump AI12) from Flom, a degaser (PL-DG 802) from 

Polymer Laboratories, a RI detector (RI 101) from Shodexsystem and GPC columns (2x5μm 

Polypore) from Polymer Laboratories. IR spectra were recorded using the ATR (Smart iTR) unit 

on a Thermo Scientific Nicolet IS10 FT-IR Spectrometer.  

The fluorescence images were recorded with a confocal laser scanning microscopy setup, using an 

Epiplan Apochromat (150x, NA 0.95) objective from Zeiss. The excitation of the fluorescent dyes 

was achieved with an Ar-ionen laser (excitation wavelength λEX=514nm) and a He-Cd laser 

(λEX=442nm and λEX=325nm). 

SEM images were taken with a LEO 1525 secondary electron microscope. 

Preparation of AAO template 

High purity aluminum (99.997%, 0.25 mm thickness purchased from Alfa Aesar) was 

cleaned with acetone followed by an electropolishing step in a mixture of ethanol and perchloric 

acid (v/v 4:1) for 2.5 minutes and 27.5 V at 0°C. The samples were rinsed with deionized water 

subsequently. The nano-porous AAO templates were prepared by a two-step anodization 

procedure. The first anodization process was performed at 2°C at a constant applied voltage of 

195 V in 0.3 m aqueous phosphoric acid for 6 hours using a power supply unit (EA-PS 8360-10 

DT from EA Elektro-Automatik, Germany). In a subsequent etching step the formed aluminum 

oxide layer was removed in an aqueous solution of chromic acid (1.8 wt%) and phosphoric acid (6 

wt%) at 60°C within 14 hours. The second anodization was performed under the same conditions 

as the first one except that the anodization time was decreased to 20 minutes in order to obtain 

AAO pores with a length below 700 nm. Subsequent pore widening was achieved in 10 wt% 

phosphoric acid at 30°C for 25 minutes. 

 

Preparation of covalently bonded multilayer thin films in a confined geometry 

Prior usage of the AAO, the surface was activated by exposure to UV / ozone for 45 

minutes and was placed into a 0.5wt% aqueous APTES solution for 10 minutes, followed by an 

intensive rinsing in deionized water. The multilayers were assembled by alternately dipping the 

APTES modified AAO template into a 0.01m PPFPA solution in THF and into a 0.01 m PAAm 

solution in ethanol for 20 minutes each. After deposition of each layer the AAO was rinsed 

thoroughly two times in THF and ethanol, respectively. 
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Post-modification of the multilayer nanotubular structures 

The aluminum layer of the multilayer modified AAO substrate was selectively dissolved 

in an aqueous 0.2 m copper(II)chloride solution, followed by intensive rinsing with deionized 

water. After drying with compressed air, the aluminum oxide bottom was partial etched in 10wt% 

phosphoric acid in order to open the pore bottom, but still benefit from the stabilization of the 

aluminum oxide pores. For the modification of the amine functionalities, the substrate was dipped 

into a 1wt% aqueous rhodamine B solution for 5 minutes. For the modification of the activated 

ester moieties the substrate was placed into an 1wt% solution of the sodium salt of 5-((2-

aminoethyl)amino)naphthalene-1-sulfonic acid (EDANS) in DMSO for 5 minutes. 

Results and discussion 

Formation of covalently bonded multilayer films within nano-pores 

The reactive nanotubular polymeric structure could be obtained via a sequential layer-by-

layer deposition within 250 nm sized AAO nano-pores. The AAO surface was first coated with 

APTES. The resulting amine-modified substrate allowed the covalent linkage of the reactive 

PPFPA polymer, which in turn renders the surface of the substrate reactive towards amines and 

enables the covalent fixation of PAAm. This procedure was repeated until the desired number of 

bilayers was obtained (illustrated in figure 1). Because of the nano-confined geometry, attention 

must be paid to avoid any blockage of the nano-pores. The more bilayers are generated, the 

narrower the pore opening become. The problem of clogging becomes more severe, when charges 

playing a major role for the stability of the multilayer films, because repulsive forces of equally 

charged polymer chains at the pore opening prohibit the diffusion into the nano-pores. Being 

aware of this difficulty, low molecular weight polyelectrolytes and salts need to be employed. The 

addition of salts strengthen the polymer-chain interaction, which is called ion-bridging effect and 

prevent clogging of the pores.26,32 Ion-bridging cannot be utilized in the case of neutral polymers. 

Deposition of the PPFPA/PAAm system in smaller nano-porous AAO (pore diameter ca. 40 nm) 

occurred mainly on the top surface of the AAO membrane. This lead to a blockage of the pores 

and thus to a thin film, which covered the whole AAO surface (ESI). 
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Figure 1: A) Schematic illustration of the lbl deposition of the (PPFPA/PAAm) nanotubes. B) Chemical 

explanation of the forming amide bond, leading to stable structure.  

 

Therefore AAO templates with a larger diameter were chosen, which were obtained from 

anodization with phosphoric acid and further pore widened. The pore diameter could be increased 

from 90 nm to 250 (±20) nm. Figure 2 B shows the field emission scanning electron microscopy 

(FE-SEM) images of the AAO membrane coated with (PPFPA/PAAm)10 multilayers. In respect to 

the pristine AAO substrate (figure 2 A), the surface is much rougher, caused by the formation of 

the multilayer thin film. The spectrum obtained from energy dispersive x-ray (EDX) 

measurements confirmed the presence of the covalently bonded film as well. Although the 

aluminum and oxygen signals are very strong, the corresponding carbon signal was detected, 

which became more pronounced after removal of the template. The nitrogen signal overlapped by 

the broad oxygen signal and could not be detected accurately. The silicon peak in figure 2 C 

belongs to the wafer substrate on which the nanotubes were attached to. 

Individual nanotubes were obtained after the removal of the AAO by a wet chemical 

etching process. The nanotubes were totally hollow. Some of them revealed an open end, 

indicating an insufficient wetting at the pore bottom of the polymer solution during the deposition 

procedure. Because of their weak mechanical properties the determination of the diameter of the 

nanotubes was rather difficult. The tubes were dented, most probably due to the evaporation of the 

solvent after the etching process. Some tubes were totally collapsed and stuck together; others 

were a little bit deformed after collision with neighboring tubes. However, the diameter was 

measured as 230 (±35) nm. Considering an underestimate of the actual diameter, due to the slight 
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ellipsoid shape of the tube head, the determined diameter is in a fair agreement with the 

dimensions of the original pore diameter (250 nm).  

 

Figure 2: SEM image and the corresponding EDX spectrum of the pristine AAO (A), AAO coated with 

(PPFPA/PAAm)10 multilayer (B) and the nanotubes fabricated by covalently linked multilayers of 

PPFPA/PAAm (C). Please note that the samples are coated with Pt to prevent degradation of the polymeric 

compound. 

 

Post-modification of the hollow nanotubes 

If the assembly of the multilayer film was not complete, amine and activated ester 

moieties should remain. Inspired by the fact that both functionalities are chemically orthogonal to 

each other, there must be a possibility to introduce two different functionalities, independent of 

each other.  

And indeed, the feasibility of an orthogonal modification of a (PPFPA/PAAm)60 

multilayer thin film on a flat substrate was achieved previously by our group.42 Motivated by this 

work, the post-modification was implemented for the obtained polymeric nanotubular structures. 

The FT-IR spectrum of the (PPFPA/PAAm)10 nanotubes exhibited two strong signals at 1650 cm-1 

and 1522 cm-1. Both signals belong to the C=O valence- and N-H bending-vibration of the amide 

function, indicating the presence of amide bonds only, since the corresponding activated ester 

signal would appear at ≈1780 cm-1. Remaining amine functionalities would be detected in the 

range of 1650 cm-1, but overlapped by the amide vibrations. 



- 106 -오류! 여기에 표시할 텍스트에 Überschrift 1 을(를) 적용하려면 [홈] 탭을 

사용하십시오. 

 

 

Despite the unsatisfied result from the IR spectra, reactive functions can still exist, but are 

essentially too dilute in order to be detected by FT-IR. For that reasons the nanotubes were 

modified with EDANS (absorption wavelength λEX=325 nm and emission wavelength λEM=493 

nm) and Rho B (absorption wavelength λEX=543 nm and emission wavelength λEM=565 nm), 

which can be considered as dyes, being reactive to the ester or the amine functionality, 

respectively. The emission wavelengths of both fluorescent dyes are well-separated of each other 

and thus the successful conversion of the remaining functionalities can be followed by confocal 

microscopy. After treatment with EDANS, the film was exposed to a He-Cd laser, featuring two 

excitation wavelengths at 325 nm and 442 nm. And indeed, the images taken exhibited a 

fluorescence signal (ESI). However, the fluorescence disappeared after an additional filter with a 

cutoff below 450 nm was put into the optical path. In other words, the recorded signal originated 

from the reflection of the laser beam and indicated that no EDANS dye molecule could be 

incorporated into the multilayer film, i.e. no activated ester remained in the thin film. 

In contrast, the excitation of the polymeric nanotubes with an argon-ion laser (λEX=514 

nm) showed fluorescence, ranging across the whole confocal layer of the multilayer film (figure 3 

B and C), and demonstrates impressively the presence of covalently bonded Rho B moieties, i.e. 

the existence of the free amine groups. The origin of the fluorescence was proven by recording the 

fluorescence spectrum of the multilayer film and is plotted in figure 3 D. The distinct emission at 

568 nm confirmed the fluorescence of Rho B and excluded any contribution of a reflected laser 

beam as well. Noteworthy, the fluorescence images appear a little bit blurry, but it is very 

fascinating that the nanometer dimensioned pattern could be recognized by the confocal 

microscopy. 

The obtained results support the conclusion drawn after FT-IR measurement, by excluding 

the presence of remaining activated ester moieties, while amine functionalities still exist. The 

discrepancy between the full conversions of the activated ester moieties in comparison to the 

remaining amine functions must not be a contradiction necessarily. Since the last deposition step 

was performed with PAAm, an excess of amine functions was expected. These findings are in 

agreement with the observations made in our previous study.42   
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Figure 3: A) FT-IR spectrum of the pristine AAO (below) and the (PPFPA/PAAm)10 on AAO (top). B) confocal 

microscopy image of the Rho B and EDANS modified (PPFPA/PAAm)10 on AAO substrate, excited with a Ar-

ionen laser at λEX=514 nm. Inset: Enlarged image of the white box in B, illustrating the hexagonal arrangement 

of the pores. (C) confocal image of a Rho B and EDANS modified multilayer film, excited with Ar-ionen laser. (D) 

Fluorescence spectrum of C 

 

Conclusion 

In summary, we have demonstrated the template assisted layer-by-layer fabrication of 

covalently linked polymeric nanotubes, made by PPFPA and PAAm. The films were chemically 

stable under mild acidic conditions and resistant against any organic solvents. The obtained 

multilayer structure featured remaining amine moieties, which could be further modified in a 

post-modification. This was demonstrated by utilizing fluorescent dyes, which served as a proof 

for the remaining functional groups simultaneously. Although only amine functions remained, we 

showed that the functionalization of the multilayer nanotubes is feasible. Based on the present 

study, we believe that the combination of the physicochemical stability on one hand and the 

utilization of remaining functional groups on the other hand will lead to a versatile toolbox for the 

design of novel nanostructures. In this context, the control over the remaining functions of the 

outer and inner layer, respectively, will allow tailoring of the properties of the nanotubes 

according to the required demands. This will lead to new applications in the field of molecular 

addressing, sensing and separation.  
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Electronic Supporting Information 

Synthesis of PPFPA 

5 g (35 mmol) of pentafluorophenyl acrylate and 68 mg (0.4 mmol) azo-bis-

(isobutyronitril) (AIBN) were dissolved in 7 ml of freshly distilled dioxane. The mixture was 

sealed in a Schlenk-tube. After degassing with argon for 5 minutes the mixture was frozen in 

liquid nitrogen and vacuum was applied. After 10 minutes the mixture was molten again and 

ventilated with argon. This freeze-venting-cycle was repeated three more times. The mixture was 

placed into a preheated oil-bath at 80°C and stirred for 8 hours. After cooling down to room 

temperature, the polymer solution was precipitated in ice-cooled methanol. The polymer was 

dissolved in THF afterwards and precipitated again in methanol. 

After repeating this procedure two more times, the polymer was dried in vacuum. 3.9 g of the 

poly(pentafluorophenyl acrylate) was obtained. 

GPC: Mn=12 000 g*mol-1, Mw=25 000 g*mol-1, Mw/Mn=2.1, 1H-NMR (CDCl3) δ/ppm: 3.08, 2.50, 

2.11, 19F-NMR (CDCl3) δ/ppm: -153.12, -156.69, -162.12 

 

 

Figure S1: SEM image of the AAO after the two step anodization procedure, but before the subsequent pore 

widening with 10wt% phosphoric acid. The pore diameter was determined as 89 (±17)nm. 
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Figure S2: SEM image of a (PPFPA/PAAm)15 film on top of an AAO membrane, anodized in 0.3m oxalic acid at 

40V. Because of the smaller pore diameter, the polymeric multilayer film was just deposited on top of the AAO 

instead within the cavity. 

 

 

Figure S3: Image from confocal laser microscopy of a EDANS modified (PPFPA/PAAm)10 system (A). Excitation 

was achieved with a He-Cd laser. The detected intensity originated from reflected laser. This was proven by 

placing a filter into the optical path with a cut off below 450nm. As a result the fluorescence disappeared 

completely confirming that no reactive ester moieties remain. B) zoomed image of the white box from A with 

white circles indicating the pores. 
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5.5 Precise Fabrication of Matchstick-like Polymer-Inorganic Hybrid Janus Particle 

 

Philipp Schattling, Adrian Ketelsen, Patrick Theato 

Abstract 

Here we report a novel strategy to fabricate polymer-inorganic hybrid hetero-structures in 

a reliable and precise manner, which can be considered as an immobilization technique in 

combination with a hard templating process. The fabricated nano-objects comprises of a spherical 

silica particle covalently linked to a polymeric anisotropic rod. Both components can be adjusted 

independently of each other, resulting in matchstick-like objects.  
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Introduction 

The two-faced Janus particle certainly fascinates, due to the unique properties that are 

arising from the break of its symmetry. But beside the contrary properties each separate domain 

exhibits, this special class of particles further captivates by the variety of materials they can 

consist of: Janus particle can be composed of inorganic, polymeric or even hybrid materials 

forming various kinds of shapes ranging from spheres, via plates and rods through to mushroom- 

and matchstick-like objects. Despite the diversity of strategies developed for the preparation of 

Janus particles, the fabrication is still extremely challenging. Immobilization methods, Pickering 

emulsions,1,2 polymeric self-assembly3,4 or microfluidics5,6 could be applied very successfully, but 

most of them usually suffer from a lack of local precision and thus a lack of uniformity of the 

obtained particles. Additionally, each method imposes own requirements towards the system, 

limiting the variability. Although Sweeny et al. prepared pyramidal core-shell Janus particles 

made of Au and polystyrene (PS),7 polymeric-inorganic hybrid particles are usually prepared with 

spherical shapes, as result of the employed emulsion processes. In this context it would be highly 

desirable to find a method, which enables the fabrication of inorganic-polymer Janus particles in 

different anisotropic shapes. This kind of particles would allow the combination of the easy 

processing, flexibility and (eventually) stimuli-responsiveness of the polymer with the mechanical, 

magnetic and electric properties of the inorganic counterpart. 

Although anodized aluminum oxide (AAO) is already well-known for a long time, it 

experienced a renaissance in the 1990s, when Masuda and Fukuda published a two-step 

anodization procedure in order to fabricate well-ordered AAO substrates.8 And indeed, the nano-

porous structure can be used in a broad range of applications9–14 as a consequence of its adjustable 

dimensions. By choosing the anodization conditions, pore diameters in the range from 10 to 200 

nm and pore lengths up to several µm can be realized, organized in a hexagonal lattice.15,16 

In this work, we introduce a versatile and efficient toolbox for the accurate preparation of 

Janus particles. This method can be considered as an immobilization technique in combination 

with the utilization of a hard template. The obtained nano-objects are comprised of an anisotropic 

polymeric part covalently connected to an isotropic inorganic part and can be regarded as a 

hetero-structured Janus- or matchstick nano-particle. 
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Results and Discussion 

The anodized aluminum oxide (AAO) template was fabricated in a two-step anodization 

process using 1wt% phosphoric acid, according to a previously published procedure.14 Briefly, 

aluminum was electro-polished in an ethanol:perchloric acid solution (4:1) for 5 min at 27.5 V in 

an ice-cooled bath. After thorough rinsing with deionized water, the aluminum was anodized for 6 

hours in a 1wt% aqueous phosphoric acid solution at 195 V and 2°C, followed by a chemical 

etching step in an aqueous solution of chromic acid (1.8wt%) and phosphoric acid (6.5wt%) at 

50°C for 12 hours. The subsequent second anodization was performed under the same conditions 

like the first one, but reduced to 20 minutes.  

Parallel to the anodization, the silica beads were synthesized in a modified Stöber process, 

published elsewhere.17  

After removal of the AAO layer, which was formed during the first anodization, an 

aluminum substrate remained, exhibiting a regular order of hemispherical indentations. According 

to the equifield strength model, the growth of the pore nucleates at the bottom of the concave 

structure.18,19 As a consequence, the architecture of the formed pore comprised of a broad pore 

entrance, which tapers in direction to the bottom and finally forms the pore. As shown in figure 2, 

the developed pore reminds of a funnel, which is the key feature for the templating approach 

presented in this report. On one hand, the two diameters (pore entrance, which is around 530 nm 

and pore interior width of 96 nm) of the funnel implement a size selection tool. This is necessary 

for an ordered assembly of nano-objects, resulting for example in matchstick like particles. And 

on the other hand, the remaining aluminum oxide separates the structures and forces each 

compartment (sphere and rod) to assemble only with one counterpart and only in one orientation. 

Noteworthy, the dimensions of the funnel can be fine-tuned by an additional wet-chemical etching 

process, using 10wt% aqueous phosphoric acid solution. In this process a smaller pore diameter 

can be widened and approached progressively the diameter of the pore entrance. As a 

consequence, the splice area between sphere and rod is enlarged, which strengthens the 

conjunction and allows tailoring of the shape of the resulting particle as well, since the aspect 

ratio of the rod is increased. 



- 115 -오류! 여기에 표시할 텍스트에 Überschrift 1 을(를) 적용하려면 [홈] 탭을 

사용하십시오. 

 

 

 

Figure 1: Schematic illustration of the procedure for fabricating matchstick-like inorganic-organic hetero-

structured hybrid particles 

 

 

Figure 2: SEM image of an AAO template, illustrating the funnel-like structure 

 

The allocation of the pores with the silica particles is a crucial step, since the occupation 

density determines the efficiency of the whole preparation procedure. It is well-known, that silica 

particles can form dense hexagonal ordered monolayers on a substrate. Even reports dealing with 

the organization of silica beads in an confined geometry exist.20,21 Obviously, attention has to be 

paid to the size of the silica particles. If the diameter was chosen to small, the particles were either 

falling down into the pore or gathering as aggregates within the cone-shaped pore entrance and 



- 116 -오류! 여기에 표시할 텍스트에 Überschrift 1 을(를) 적용하려면 [홈] 탭을 

사용하십시오. 

 

 

thus blocking the access to the pore (figure 3). In contrast, big particles with a diameter larger 

than the outer diameter of the pore proved unfavorable as well, since they did not fit into the pores 

of the AAO and consequently the splice area with the rods inside the pores would be too small to 

form stable structures. 

However, in our case the sizes of the silica particles were adjusted according to the 

dimensions of the upper pore diameter and hence fitted nicely into the upper part of the pore. As a 

consequence, the silica particle interacts with the oxide surface on a very small area. The loosely 

adsorbing particles can easily be detached during the preparation step and thus decrease the 

allocation density. Figure 3 nicely demonstrates that the particle were not tightly bonded on the 

AAO surface and could easily drop off the surface, when it was cracked. 

During the spin coating process the silica particles were nicely deposited onto the top of 

the pores, but unfortunately the allocation density was not perfect (figure 3). In contrast, during 

dip deposition the packing density could be increased, however multilayer of the silica particles 

were formed, leading to aggregations of the freestanding particles as well (ESI). Since the proof 

of principle was more important than the fabrication efficiency, the spin coating process was the 

method of choice for the following experiments.  

 

Figure 3: SEM image regarding the occupation of the confined cavities with silica beads prepared by a spin 

casting process. A) demonstrates the allocation density of silica beads having a diameter close to the pore 

diameter (100nm) and B) of silica particles with a diameter slightly smaller than the diameter of the pore 

entrance (420 nm). C) A single silica particle perfectly fitting into the funnel like pore. D) Cross-sectional view of 

the pores decorated with a silica particle. The weak adhesive forces between silica bead and AAO template lead 

to a drop of the spheres, when breaking the substrate.  

 

Figure 1 illustrates the procedure for the preparation of the inorganic-organic hybrid 

matchstick nano-particles. In the first step the AAO substrate was infiltrated with a solution of the 

monomer 3-(trimethoxysilyl)propyl methacrylate (TMSPMA) (1 equiv.), a crosslinking agent 
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hexamethylene diacrylate (HMDA) (0.1 equiv.) and the photo initiator Lucerin TPO (0.01 equiv.). 

The infiltration process was accomplished by a wetting step, followed by an additional spin 

casting process to ensure complete filling of the whole pore. The silica particles (diameter 400 nm) 

were deposited subsequently on top of the infiltrated substrate by drop coating of a 10wt% silica 

particle solution in THF. For the subsequent photo initiated polymerization the sample was 

irradiated with UV light for 20 minutes. For further annealing, the substrate was pressed between 

two glass slides covered with aluminum. After heating at 80°C for 15 hours, the aluminum of the 

substrate was etched away in an aqueous solution of CuCl2, while the aluminum oxide was 

removed in a 10wt% phosphoric acid solution. 

Figure 4 shows SEM images of the assembled inorganic-organic hybrid hetero-structured 

particles. Figure 4 A and B show particles, whose polymeric rod was composed of TMSPMA 

cross-linked with HMDA. TMSPMA was chosen, because the monomer contains a trimethoxy 

silane group, which can be utilized not only for further cross-linking within the rod, but mainly 

for the realization of the covalent linkage to the silica particle. The replicated shape of the cross-

linked polymer proved that the infiltration process was working properly, since the dimensions of 

the pores were nicely transferred. The tail length of the polymeric structures was determined to be 

1130 (±100) nm, which was quite in accordance to the original pore length of 1125 (±50) nm. The 

most challenging part is obviously the connection between the rod and sphere. When approaching 

from the rod part towards the sphere, a transition area can be observed. The diameter of the rod 

progressively enlarged and developed a cone shape structure, which embedded the silica sphere in 

the center. The end of the hybrid structure is represented by the silica particle, which protruded 

from the polymeric part. In figure 4B the edge of the transition area can be observed impressively. 

It is expected that the fraction of the area of the silica particle that is covered by the alkoxy silane 

containing polymer is crucial for the stability of the whole hybrid particle. A small contact area 

resulted in the cleavage of the sphere (see ESI), due to the lack of covalent interactions between 

both components. 

The silica particles were slightly wetted with TMSPMA during the preparation procedure, 

which resulted in a conglutination of the matchsticks during the annealing step. As a consequence, 

the hybrid particles were forming a well-ordered array instead of being well-separated free-

standing particles.  

Activated ester polymers are well-known for their reactivity towards primary and 

secondary amines, which can be utilized for the synthesis of highly-functionalized polymers.22–24 

Recently Theato et al. showed the application of these activated ester polymers to fabricate 

stimuli-responsive nano-dimensioned rods.25 In this context it would be highly desirable to obtain 
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reactive hybrid structures, which can be further utilized according to any demands. Inspired by 

this idea, the amount of TMSPMA was reduced by adding the activated ester monomer 

pentafluorophenyl acrylate (PFPA). As already described previously, the TMSPMA is important 

for the stability of the hybrid structure. These findings were confirmed by the brittle character of 

matchstick particles prepared with a higher percentage of PFPA: the silica particles detached very 

easily and left an indented rod behind (see figure 5). By varying the ratio between the PFPA and 

TMSPMA it was found, that 20 to 50wt% of PFPA was suitable to obtain stable structures. 

 

Figure 4: SEM images of hetero-structured hybrid particles. The particles in A) and B) comprise of a TMSPMA 

polymeric rod covalently linked to a silica sphere. In C) a pore widening process preceded the hybrid particle 

assembly. Additionally, the polymeric tail consisted of 80% TMSPMA and 20% PPFPA. 

 

 

Figure 5: SEM images of hetero-structured hybrid particles. The polymeric tail consisted of TMSPMA with 

increased amount of PFPA. PFPA deteriorates the stability between the inorganic and organic component. In A) 

the site of fractures on top of the silica particle can be clearly observed. B) and C) nicely illustrate the indention 

in the polymeric part, caused by the previously dented, but dropped silica particle. 
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As already mentioned above, by utilizing the presented approach the shape of the 

matchstick particles can be easily modified as well. In this context an AAO substrate was 

prepared with a larger pore diameter, utilizing a wet-chemical etching process in 10wt% 

phosphoric acid. As a result the diameter of the rod was increased to 300 (±30) nm and thus 

progressively adapted to the diameter of the silica sphere. Figure 4 C shows the corresponding 

hybrid structures that could be achieved. Although many particles seem to be agglutinated at the 

bottom side again, clearly free-standing and stable hetero-structured hybrid particles were 

observed. In comparison to the previously obtained matchstick particles, the larger the pore 

diameter was, the more the matchstick like characteristic shape got lost. In an extreme example 

this would lead to the the fabrication of anisotropic (rod-shaped) inorganic-organic hybrid Janus 

particles. 

Conclusion  

In conclusion, we presented a facile approach for the fabrication of inorganic-organic 

hybrid hetero-structured Janus particles. The strategy is based on a combination of an 

immobilization and templating method, utilizing nano-porous aluminum oxide substrates. The 

obtained matchstick-like nano-particles were comprised of a spherical silica particle covalently 

linked to a shape-anisotropic polymeric rod. The presented strategy features both the independent 

adjustment of the aspect ratio of the polymeric part and the independent tailoring of the inorganic 

counterpart, allowing a maximal control and reliability of the dimensions of the nano-object. 

Although the presented approach was only applied to alkoxy silane and activated ester based 

polymers with silica particles, respectively, the method is not limited to any precursor material at 

all, facilitating an unprecedented variability in the production of Janus particles. The only 

prerequisite is the possibility to link both components with each other. Additionally, we expect 

that this method facilitates not only the fabrication of hetero-structured particles, but also the 

preparation of anisotropic Janus particles.   

Experimental Section 

Materials. All chemicals and solvents were commercially available and used as received unless 

otherwise stated. 3-(Trimethoxysilyl)propyl methacrylate (TMSPMA) and 

hexamethylendiacrylate  (HMDA) were purchased from Alfa Aesar. Diphenyl(2,4,6-

trimethylbenzoyl)phosphine oxide (Lucirin TPO) and tetraethyl orthosilicate (TEOS) were 

purchased from Sigma Aldrich. Pentafluorophenyl acrylate was synthesized according to a 

previously published procedure.24 The silica particles were prepared via a modified Stöber process 

published elsewhere.17 
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Preparation of AAO template 

High purity aluminum (99.997%, 0.25 mm thickness purchased from Alfa Aesar) was 

cleaned with acetone followed by a electropolishing step in a mixture of ethanol and perchloric 

acid (v/v 4:1) for 2.5 minutes at 27.5 V and 0°C. The samples were rinsed with deionized water 

subsequently. The nano-porous AAO templates were prepared by a two-step anodization 

procedure. The first anodization process was performed at 2°C at a constant applied voltage of 

195 V in 0.3 m aqueous phosphoric acid for 6 hours using a power supply unit (EA-PS 8360-10 

DT from EA Elektro-Automatik, Germany). In a subsequent etching step the formed aluminum 

oxide layer was removed in an aqueous solution of chromic acid (1.8wt%) and phosphoric acid 

(6wt%) at 60°C within 14 hours. The second anodization was performed under the same 

conditions as the first one; only the anodization time was decreased to 20 minutes in order to 

obtain AAO pores with a length below 700 nm. Subsequent pore widening was achieved in 10wt% 

phosphoric acid at 30°C for 25 minutes.  

Instrumentation. SEM images were taken with a LEO 1525 secondary electron microscope. 
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Figure S1: SEM image and size distribution (based on the evaluation of 500 particles) of the silica particles used. 

The average particle size was determined as 400 (±30) nm. 

 

 

 

Figure S2: Formation of silica particle multilayer during dip deposition. 
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