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Zusammenfassung 

Im ersten Teil dieser Arbeit wurde mittels der, das Polymerisationsverhalten des Monomers 

6-(4-(p-tolyldiazenyl)phenoxy)hexyl acrylat (PmethAzo) untersucht. Für dieses Monomer 

wurde die RAFT-Polymerisation angewendet um ein Azopolymer zu synthetisieren. 

Unterschiedliche RAFT-Agenzien wurden ausprobiert und der vielversprechendste wurde für 

die weiteren Polymerisationen verwendet. Dabei wurden je nach Polymerisation Parameter 

wie Konzentration der Edukte, Temperatur oder Reaktionsdauer verändert. Das Ziel war es, 

ein möglichst hohes Molekulargewicht zu erhalten. Das Molekulargewicht der Polymere 

wurde mittels GPC und 1H-NMR bestimmt. Durch die RAFT-Technik war es nicht möglich 

einen Wert über 10 000  g mol⁄  zu erreichen.  

Im zweiten Teil dieser Arbeit wurde die Synthese von drei weiteren Monomeren 

durchgeführt. Diese unterscheiden sich jeweils in ihrem para-Substiutuenten am 

endständigen aromatischen Ring. Hierbei handelt es sich um 6-(4-((4-butyl- 

phenyl)diazenyl)phenoxy)hexylacrylat (PbAzo), 6-(4-((4-(tert-butyl)phenyl)diazenyl)phenoxy) 

hexyl acrylat (PtAzo) und 6-(4-((4-hexadecylphenyl)diazenyl)phenoxy)hexyl acrylat (PhAzo). 

Diese Monomere wurden mittels ATRP polymerisiert, da diese Methode effizienter als die 

RAFT Methode ist und ein Molekulargewicht von ca. 10 000 g/mol garantieren konnte.  Die 

Polymere wurden so synthetisiert, dass sie eine ähnliche Anzahl an Wiederholungseinheiten 

aufweisen, damit ihre Eigenschaften besser miteinander verglichen werden konnten. Der 

Erfolg einer solchen Synthese wurde mittels GPC und 1H-NMR bestätigt. Weiterhin wurden 

diese neuen Polymere mit der UV/VIS-Spektroskopie und der 1H-NMR-Spektroskopie auf ihre 

Fähigkeit zur Photoisomerisierung untersucht. Es konnte gezeigt werden, dass trotz 

ähnlicher Absorptionskurven das Isomerisierungsverhalten stark von der Art des para-

Substituenten beeinflusst wurde.  

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

Abstract 

In the first part of this work, the RAFT polymerization behavior of the monomer 6-(4-(p-

tolyldiazenyl)phenoxy)hexyl acrylate was analyzed. Different RAFT agents were used and the 

most promising one was chosen for other polymerization reactions. The polymerizations 

differ in parameters like concentration of reactants, temperature or reaction time. The 

polymers were analyzed via GPC and NMR, whereby both techniques were used to 

determine the molecular weight. With RAFT, it was not successful to overcome a molecular 

weight of more than 10 000 g/mol. 

The second part describes the synthesis of three new monomers. These new monomers 

have the same basic structure but differ in their para-substituted groups on the terminal 

aromatic ring. These monomers are 6-(4-((4-butylphenyl)diazenyl)- phenoxy)hexyl acrylate, 

6-(4-((4-(tert- butyl)phenyl)diazenyl)phenoxy) hexyl acrylate und (E)-6-(4-((4-hexadecyl- 

phenyl)diazenyl)phenoxy)hexyl acrylate. These monomers were polymerized via ATRP, 

because this method could guarantee, in contrast to RAFT, a molecular weight of approx.   

10 000 g/mol. It was important for the polymerizations that the polymers exhibit approx. the 

same number of repeating units, since this allows a precise comparison of their properties. 

Theses polymers were also analyzed via GPC and 1H-NMR. UV-Vis and 1H-NMR spectroscopy 

were used to investigate the photoisomerization and it was shown that although the 

absorption curves of the polymers were almost the same, the photoisomerization was 

influenced by the nature of the para-substituent.   
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1.  Introduction 
 

In 1905 the first complete synthetical plastic material was invented by Leo Hendrik 

Baekeland[1]. The name of this plastic material is Bakelite and it is a phenol formaldehyde 

resin, whereby the general term for such materials is polymer. This invention gained very 

fast a huge role in industry and society, because it allowed people to construct new tools 

which were not constructible before using only natural materials. Since then, many new 

synthetic materials have been invented through which people could bring their ideas of new 

tools or machines from the imaginary world into reality.   

Nowadays we are completely surrounded by all kind of synthetical materials. They are in our 

accommodations, in our cars, in our sanitary articles and even in our bodies and drugs. But 

this development brings also challenges with it. First of all, our earth is polluted with huge 

amounts of plastics and one way to deal with this problem is to develop recyclable materials. 

But the recycling has to be an easy process, which means that it should not cost a lot of 

energy and time.   

The other challenge is the control over the property of a polymer. In one case it could be 

important to have a rigid elastic polymer that stores energy and in another case it is 

important that the same polymer acts rather viscous and dissipates mechanical energy. A 

tragic example where such a control was not taken into account is known as the challenger 

disaster. The space shuttle challenger exploded few seconds after start, because it was cold 

and some sealing rings were below their glass transition temperature and thus brittle[2].  

A promising perspective for a solution could be a molecule named azobenzene, which 

changes its properties dramatically through absorption of light.  When it is incorporated into 

a polymeric structure, it produces a photoresponsive material. Such a polymer, also called 

azopolymer, was synthesized by our group and it was shown that the glass transition could 

be controlled by irradiation with light[3]. The great thing is that it is not just the control over a 

property of the material, it is also a way for cheap and non-complicated recycling, because 

when the polymer is above its glass transition temperature it can be proceeded.  

Many properties like the Tg depend on molecular weight, so it is advantageous to have a 

synthetic control over this value. Therefore, the aim of this work is to gain control over the 

synthesis of an azopolymer via RAFT technique and also to get high molecular weights.   

Another aim is to synthesize new azopolymers and investigate their properties, especially 

their photoisomerization behavior.   

 

 

https://de.wikipedia.org/wiki/Leo_Hendrik_Baekeland
https://de.wikipedia.org/wiki/Leo_Hendrik_Baekeland


 

2 
 

2.  Theoretical Background 

 

2.1  Stimuli-Responsive Polymers 
 

Polymers are of immense importance for our world. For example, we can take a look on a 

biological system like the human body and we will find the DNA, which is a biopolymer and 

contains all the information to evolve the human body. The protein is also a highly important 

biopolymer because it has a broad range of functionalities like building up structures, 

catalyze chemical reactions and much more.   

Of course, there is a huge variety of synthetic polymers and they are essential to our way of 

life. We have developed many new polymeric materials over time to improve our 

circumstances and this will go on. In this context, an important class of materials is 

represented by Stimuli-Responsive Polymers, which react to external stimuli by a specific 

change of their physical and/or chemical property.[4] The nature of stimuli is manifold and 

can be divided in physical and chemical stimuli. Chemical stimuli can be represented by a 

change of the pH[5] or the concentration of other molecules like glucose[6]. Physical stimuli 

can be introduced by a mechanical force[7], a change in temperature[8], electromagnetic 

waves[8] and much more.  These materials have a wide application field, for example in 

biology and medicine[9]. There are even examples, where a combination of two different 

stimuli, e.g. ultrasound and pH, can adjust a controlled drug release[10]. Therefore, much 

effort is put in the work of developing new stimuli-responsive polymers nowadays.  

This work describes the synthesis and characterization of polymers, which are responsive to 

light. Light as stimuli is especially interesting, because its generation is cheap and it is easily 

accessible. It is also capable of focusing and controllable in energy, space and time. A photo-

responsive polymer has to include a photo-responsive moiety and some of the most 

important ones are shown in Fig.1. It is also shown there, that a specific photo-responsive 

moiety can have a specific reaction to light[11].   
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Fig.1: Photo-responsive groups with their specific reaction which is triggered by UV. 

 

The polymers which were synthesized in this work contain an azobenzene moiety, so the 

next chapter will take a closer look at this fascinating molecule.  

 

2.2  Azobenzene 
 

The basic structure of azobenzene contains two phenyl rings, which are separated by an azo 

bond and there are many characteristics which make this molecule so interesting.  

 

Fig. 2: Cis-trans photoisomerization of azobenzene.  

Azobenzene is very robust and shows a strong electronic absorption, which can be adjusted 

by ring substitution. These qualities make it suitable for an application as dyes and 

colorants[12]. Furthermore, its rigid mesogenic shape with a high aspect ratio allows an 

organization into a liquid crystalline (LC) phase[13] and if the azobenzene is incorporated into 

a polymer matrix, this polymer can exhibit liquid crystal behavior[14]. The most interesting 

and useful property is its reversible cis-trans photoisomerization, which is triggered by UV 

and visible light (Fig. 2). 

Cleavage Dimerization 

Ionization 
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But before this property will be further explained, the next section will focus on azobenzene 

as a chromophoric group and show how the tailoring of the absorption can be done.     

Azobenzene like molecules can be classified in three spectroscopic classes, azobenzene-type, 

aminoazobenzene-type and pseudo-stilbene-type[15](Fig. 3).         

 

Fig. 3: Three different azobenzene classes: a) azobenzene-type, b) aminoazobenzene-type and c)   pseudo-
stilbene-type. 

The azobenzene-type exhibits a strong absorbance in the UV region ( 𝜋 →  𝜋∗) and a much 

lower absorbance in the visible region ( 𝑛 →  𝜋∗). This difference comes from the Laporte 

Rule, which states that in centrosymmetric molecules the parity between two electronic 

states has to change[16]. The trans-azobenzene is centrosymmetric and its parity for a      

𝜋 →  𝜋∗ transition will change but not for a 𝑛 →  𝜋∗ transition, therefore the absorbance is 

very low. The cis-azobenzene is not centrosymmetric and 𝑛 →  𝜋∗ transition is allowed. The 

fact that the 𝑛 →  𝜋∗ transition for the trans form is still visible is due to some extent of 

nonplanarity in the trans state[17].   

Aminoazobenzenes contain an amino group as an electron-donating substituent. This shifts 

both transitions closer to each other. The third class, the pseudo-stilbene-type, has an amino 

group as an electron-donating substituent and a nitro group as an electron-withdrawing 

substituent. This arrangement leads to strongly asymmetric electron distribution and is 

known as the “push-pull” pattern. In this case the 𝜋 →  𝜋∗ transition is shifted to energies 

even lower than the 𝑛 →  𝜋∗ transition, in the red area of the spectrum[12].   

As mentioned earlier, photoisomerization is the most useful and interesting property. The 

trans and cis state are geometric isomers, the conversion is highly effective, completely 

reversible and no side reactions occur during this isomerization. Because of electric and 

steric effects, the trans state is more stable by 50 kJ mol-1 [18] and the energy barrier for the 

conversion is about 200 kJ mol-1 [19]. There are two possibilities for the mechanism of the 

isomerization (Fig.4).  
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Fig. 4: Two possible mechanisms for trans to cis photoisomerization. 

In the rotation pathway the double bond will break, supposedly because an antibonding 

orbital will be occupied (𝜋∗), so that a rotation around the N-N bond is possible. The other 

pathway includes an inversion and because the molecule will go through a semilinear and 

hybridized transition state, the double bond remains. When back-relaxation to the trans 

state occur, it can be thermal or photochemical, whereby the thermal pathway proceeds via 

rotation and for the photochemical pathway both possibilities are available[20]. Although it 

was assumed that rotation is the dominant pathway for the isomerization, more recent 

studies showed a N=N double bond in the excited state, so that inversion should play the 

main role[21].  

Because of this photoisomerization effect, azopolymers can find application for example in 

self-healing materials, patterning, lithography or transfer printing[22]. 

 

2.3  Controlled Radical Polymerization  (CRP) 

 

A normal radical polymerization has four steps which are depicted in Fig. 5.  
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Fig. 5: General mechanism of a free radical polymerization. I = Initiator, M = monomer, Pn
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= growing  
polymer chain, PnH = polymer chain terminated by hydrogen transfer and P
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m = polymer chain with a 

terminal double bond 
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But this chapter will describe some radical polymerization techniques which are showing 

characteristics of living polymerizations. These characteristics are represented in an 

initiation rate that is much faster than the polymerization rate, a low polydispersity index 

(PDI) and an absence of any termination or chain transfer. In a CRP the absence of any 

termination or chain transfer is actually not given, so that it is not a real living 

polymerization. But because of some living polymerization characteristics, the molecular 

weight is predictable and can be calculated by Equation 1, on condition of full monomer 

conversion[23]. Therefore, it should be possible to control the molecular weight.  

𝑀𝑁 = 𝑀0

[𝑀0]

[𝐼0]
                                                                               (1) 

 

The reversible deactivation is the reason why a radical polymerization is showing these 

characteristics.  If the reaction mixture contains a species which reacts reversibly with the 

free radical of a growing chain, an equilibrium between the dormant and the free active 

radical is given and the concentration of free radicals is reduced.  

 

Fig. 6: Reversible deactivation of an active polymer chain via a transfer agent (T).  

 

A comparison of the reaction speed of propagation and termination shows, that the speed of 

propagation is first order, whereas the termination is second order (eq. 2 and eq. 3)[23].  

𝑣𝑝𝑟𝑜𝑝.[𝑃∙]                                                                                (2) 

𝑣𝑡𝑒𝑟𝑚.[𝑃∙]2                                                                              (3) 

𝑣𝑝𝑟𝑜𝑝. = rate constant for propagation 

𝑣𝑡𝑒𝑟𝑚.=  rate constant for termination 

 

So when the concentration of the active radical is reduced, than the termination step will be 

much more influenced than the propagation step.  
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2.3.1  Reversible Addition-Fragmentation Chain-Transfer (RAFT) Polymerization   

As the previous chapter has shown, a species called transfer agent is used to create an 

equilibrium between a dormant and an active radical. In RAFT polymerizations such an agent 

is represented by  thiocarbonylthio compounds (Fig. 7)[24]. These transfer agents, also called 

RAFT agents, are compatible with many monomers and many kinds of functional groups[25].   

 

Fig. 7: Chemical structure of a thiocarbonylthio compound which is used as transfer agent. 

A RAFT polymerization includes also an initiation and termination step, like a free radical 

polymerization. But the special characteristics of RAFT are produced by reaction pathways 

which are depicted in Fig. 8.   

 

 

Fig. 8: Mechanism of a controlled radical polymerization via RAFT technique. 

 

In the pre-equilibrium R should be a good leaving group to guarantee low dispersity, since 

this will start the chain growth at approximately the same time. That means also, that the 

concentration of the RAFT agent influences the amount of growing chains and this 

determines the degree of polymerization (DP) (Eq. 4). Furthermore, the ability of a polymer 

chain to leave the dormant state, also called RAFT adduct radical, is dependent on the sort of 

monomer and decreases in the following order[26]: 

Methacrylates ≈ methacrylamides >> styrenics ≈ acrylates ≈ acrylamides > vinyl amides ≈ 

vinyl esters[22] 
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The leaving ability should be high to guarantee a rapid exchange reaction, so the radical is 

exchanged fast among the growing chains. That facilitates living polymerization 

characteristics, because all the chains can grow equally[27]. Therefore, also the RAFT to 

initiator ratio should be high.  The initiator concentration will also influence DP and 

therefore Mn and if a high Mn is desired a low initiator concentration is necessary. If this is 

the case, than the influence of initiator concentration on Mn can be neglected and Eq. 4 can 

be used to calculate the theoretical Mn. Another effect of a low initiator concentration are 

longer polymerization times.  

𝑀𝑁(𝑡ℎ𝑒𝑜𝑟. ) = 𝑀0

[𝑀0]

[𝑅𝐴𝐹𝑇]
∗ 𝑐𝑜𝑛𝑣𝑒𝑟𝑠𝑖𝑜𝑛 + 𝑀𝑅𝐴𝐹𝑇                                              (4)  

 

The monomers can be divided into two groups, “more activated monomer” (MAM) and “less 

activated monomer” (LAM). Due to electric structure and steric effects MAMs produce more 

reactive propagating radicals than LAMs. For example, Fig. 9 shows three common mono- 

mers and the monomer with the highest MAM character is methyl acrylate 1, because the 

carbonyl group will stabilize the radical. The radical in vinyl acetate 2 is less stabilized what 

lowers the propagation and therefore 2 is a LAM. Whereby the additional methyl group in 

methyl methacrylate 3 creates a steric stabilization of the radical during propagation and so 

3 has a lower reactivity than 1.   

 

Fig. 9: Reactivity comparison of some common monomers and their classification into “more activated 
monomer” (MAM) and “less activated monomer” (LAM).  

For a good controlled polymerization of MAMs the RAFT agent should be highly active to 

facilitate a high rate of reversible chain transfers and vice versa. These RAFT agents can be 

dithiobenzoates or  S-alkyl trithiocarbonates and if they will be used for LAMs, inhibition of 

polymerization can occur[26].  

After polymerization, almost all polymers have a thiocarbonylthio group at one chain end 

and this can be used for post-polymerization modifications or synthesis of block 

copolymers[28]. 
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2.3.2  Atom-Transfer Radical-Polymerization  (ATRP) 

Like RAFT, ATRP is also a controlled radical polymerization, whereby the transfer agent is a 

transition metal complex. Often Cu(I)-complexes are used as transfer agents, but Fe(II)-, 

Ni(II)-, and Ni(0)-complexes are also common[23], the main feature which the metal has to 

have is the ability to do reversible redox reactions. The general scheme of an ATRP 

mechanism is shown in Fig. 10[29].  

 

Fig. 10: Mechanism of a controlled radical polymerization via ATRP technique. 

Step (1) represents the initiation step and it is shown, that unlike in the case of RAFT or free 

radical polymerizations where usual initiators like AIBN or BPO are used, an alkyl halide acts 

as an initiator. Step (2) shows the start of the polymerization and propagation. Similar to 

RAFT, step (3) represents an equilibrium between the dormant and active radical. It is also 

depicted how the halide atom transfers from one species to another, therefore the name 

atom-transfer radical-polymerization. Because of this equilibrium the chains can grow 

equally and the theoretical Mn can be adjusted by the [M0 ]/[I]  ratio (Eq. 5)[29]. 

𝑀𝑁(𝑡ℎ𝑒𝑜𝑟. ) = 𝑀0

[𝑀0]

[𝐼]
∗ 𝑐𝑜𝑛𝑣𝑒𝑟𝑠𝑖𝑜𝑛 + 𝑀𝑅𝑋                                          (5) 

The monomer of choice should be able to stabilize the radical. Hence, methacrylates, 

acrylates, styrenes or acrylamides are good monomers for this technique, which is also 

tolerant to many functional groups[30]. Different monomers can show different 

polymerization behavior, like different propagation rates, so that specific conditions like a 

type of metal and ligand or initiator are necessary for a specific monomer. Often the catalyst 

is the most important component, because it determines the equilibrium between the 

dormant and active radical. If the equilibrium is shifted towards the dormant species the 

polymerization rate is very slow and can even inhibit the reaction, on the other hand a high 

concentration of the active species can facilitate a high PDI[31].   

Similar to RAFT, polymers synthesized via ATRP have a functional group at one end, the 

halide atom, and are therefore suitable for post-polymerization modifications.     

There are different ATRP methods and the method used in this work does not include Cu(I)-

salt as starting material but rather Cu(0)-wire and Cu(II)Br2 as deactivator. This Cu(0)-CRP 

procedure was reported by Haddleton et al.[32]. Although they didn´t mention the 
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mechanism, it should be a supplemental activator and reducing agent atom transfer radical 

polymerization (SARA ATRP), which main feature is depicted in Fig. 11[33]. 

 

Fig. 11: The mechanism of a supplemental activator and reducing agent atom transfer radical polymerization 
(SARA ATRP) 

Here, Cu(I) plays the role as main activator and Cu(II) is the main deactivator (bold arrow), 

whereby Cu(I) plays a minor role as deactivator (dashed arrow). Cu(0) is also activating  the 

growing chain but only in a slow supplemental manner via an inner-sphere electron transfer. 

Cu(0) is regenerating the main activator via slow comproportionation, thereby compensating 

the radicals lost during the polymerizations because of recombination. From all reaction 

pathways the disproportionation step is the slowest[34].  

Finally, it should be mentioned that the industrial use of the CRP has the advantage of a 

small PDI and good controllable polymerizations together with simple feasibility. But the 

disadvantages, like long reaction times (ATRP, RAFT), expensive compounds (RAFT), smell 

(RAFT) and toxic complexes (ATRP) are more dominant at the moment.  

 

2.3.3  Glass Transition 

Glasses are solid amorphous materials, so that they normally do not exhibit a periodicity like 

crystals. Therefore, a polymer should contain amorphous phases for glass characteristics, 

although it can also contain crystalline phases, a so called semi-crystalline polymer.  

The glass transition occurs during a change in temperature of the polymer and this 

temperature is called glass transition temperature (Tg). Below Tg, the polymer has the 

structure of a frozen liquid. Applying an external force can easily break the material. If the 

temperature reaches Tg the mobility of polymer chains increases and it starts to show a 

viscoelastic behavior, i.e. it can react better to an external force through co-operative 

motions of chain segments. The deformation due to an external force can be reversible, 

whereby, if this force is applied for a longer time than the deformation can be irreversible. 

This happens because two opposing effects are acting. First, the elastic behavior which safes 

mechanical energy because of still frozen chain segments and confined chains by 

entanglements. Second, viscous behavior due to chain mobility by which the chains can flow 
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and apply a new set of conformations. This happens when the material is stressed for a 

longer time. The mobility further increases when the temperature increases and the 

material becomes a polymer melt.  

Some properties of the polymer can change during the glass transition. These properties, like 

specific volume, heat capacity or the refractive index can be used to determine the glass 

transition[35].  

The Tg is basically influenced by the mobility of a chain, which is influenced by factors like 

chain flexibility, steric effects or substituents, branching or crosslinking and MN. 

If a silicon chain is compared with a chain containing rigid aromatic rings it is recognizable 

that the silicon chain is much more flexible, therefore it exhibits a lower Tg (Fig. 12)[23]. 

 

Fig. 12: Effects of chain flexibility on Tg. Silicon based monomers are more flexible than monomers with 
aromatic rings. 

Substituents which are polar ore capable of hydrogen bonding will increase chain-chain-

interactions and decrease the mobility (Fig. 13)[23]. 

 

Fig. 13: Effects of polar or non-polar substituents on Tg. 

Methyl groups make the chain more rigid. A classic example is poly(methyl methacrylate 

(PMMA) that exhibits a Tg which is about 70 – 100 °C higher than the Tg of poly(methyl 

acrylate). On the other hand, longer and more flexible side chains will increase the free 

volume of a chain and therefore its mobility (Fig.14) [23].  

 

Fig. 14: effects of linear alkyl chains on Tg. 

In a crosslinked polymer every crosslinking point will reduce the mobility of a chain and 

therefore increase the Tg.   

The chain ends have a higher mobility and more free volume. Therefore, chains with lower 

Mn will exhibit a lower Tg than same chains with higher Mn. This is summarized in Eq. 6, 

where 𝑇𝑔
∞ represents a Tg value for extreme long chains[36].     

𝑇𝑔 = 𝑇𝑔
∞ −  

𝑐𝑜𝑛𝑠𝑡.

𝑀𝑛
                                                                     (6) 
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3.  Results and Discussion 
 

3.1  Synthesis  of poly-6-(4-(p-tolyldiazenyl)phenoxy)hexyl acrylate 

(PmethAzo)  11 
 

At the beginning, the monomer was synthesized with a synthetic route shown in Fig. 15. This 

route was chosen, because other members of our group had already positive experience 

with it[3]. For more detailed information about the different steps, see chapter 4.  

 Fig. 15: The synthetic route for the azomonomers used in this work.  

This synthetic route contains 3 steps. The first step is called azo coupling and was already 

synthesized by our group. It is the most crucial step and will be further explained in chapter 

3.4. The second step is a simple SN1 reaction to introduce a flexible linker containing six 

carbons, that provides the mesogenic azobenzene moieties with more flexibility[23]. The last 

step is a simple condensation reaction to provide the molecule with a polymerizable acryloyl 

group. The polymerization scheme is depicted in Fig. 16. 

 

Fig. 16: RAFT polymerization of PmethAzo 11 with AIBN as initiator. 
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At the beginning a suitable RAFT agent had to be found. All agents that have been tried out 

are depicted in Fig. 17. 

 

Fig. 17: RAFT agents that have been used in this work.  

The best result was obtained for 14. This agent showed the best monomer conversion and a 

high conversion is important for a high Mn (see Eq. 4). All the other agents showed no 

polymerization or low MN. Agent 12 was synthesized and 13 was purchased by former 

members and so both were rather old. 14 and 16 have been purchased from Sigma-Aldrich 

where these two agents were recommended for polymerization of acrylates[37]. It is not that 

surprising that DDMAT shows the best results. Because, as already mentioned in chapter 2, 

acrylates can be classified as MAMs and so they need a highly active RAFT agent and 

trithiocarbonates are a good choice. 14 has a radical isobutyric acid as a good leaving group, 

which stabilizes the radical through conjugation and hyperconjugation. Therefore the 

reinitiation step should be fast and the PDI narrow, because all the chains should start to 

grow at approx. at the same time. This could explain why 15 led only to low MN. Although 

the difference is only one methyl group it could affect the stabilization, making propionic 

acid a less good leaving group. The same idea could explain why 16, also exhibiting a less 

good leaving group, was not effective. Maybe the role of the dodecyl chain is interesting, 

because both RAFT agents recommended for acrylate polymerization contain this group[37]. 

It could be that this group shakes because of its thermal energy, producing steric demand, 

and this is shifting the equilibrium towards the active radical. Of course, the long dodecyl 

chain is also protecting the RAFT adduct radical from termination through recombination.

   

The task was to get a Mn as high as possible and Eq. 4 shows, that high values for [M0] and 

small ones for [RAFT] should facilitate high Mn. The average chain length should also grow 

linearly with conversion[38]. Thus, [M0]/[RAFT] ratios between 1000/40 and 1000/2.5 have 

been tried out. It is also important that the [RAFT]/[I] ratio is high to ensure living polymer 

characteristics. But on the other hand, extremely small [I] can lead to very long 

polymerization times and even small impurities could inhibit the initiation step[27]. So 
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[RAFT]/[I] ratios between 2/1 and 10/1 were chosen and the polymerizations lasted for at 

least 24 hours.  

It was further investigated how a change of a parameter like [M0]/[RAFT] ratio,  [RAFT]/[I] 

ratio, reaction time or solvent changed the result. This is summarized in Table 1.  

 

 

 

 

 

3.2 Characterization of Azopolymers Prepared by RAFT Polymerization 

3.2.1 Nuclear Magnetic Resonance (NMR) Spectroscopy and Gel Permeation 
Chromatography (GPC)  

NMR Spectroscopy is very useful to analyze whether you have the right product and how 

pure it is. For polymerization reactions it is useful to see if the polymerization was successful 

and how high the monomer conversion is.   

Fig. 18 shows a comparison of NMR spectrum from monomer and polymer, whereby sample 

P19 will be used to demonstrate the characterization.  

 

 

a) 
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Fig. 18: Comparison of 
1
H-NMR (250 MHz) spectra from a) monomer in CDCl3 and b) polymer in CD2Cl2. P19 

(after 24 hours, see Table 1) was used as an example. 

As expected, the peaks for the vinylic hydrogens (i, h, g) disappeared due to polymerization. 

The peaks exhibit almost the same chemical shift but have become wider, because of 

polymerization[39].  

To see whether a polymerization reaction was successful a NMR spectra of the crude 

reaction (sample P19) was measured.  

 

Fig. 19: 
1
H-NMR (250 MHz, in CDCl3)  spectrum of a crude mixture of P19 (after 24 hours, see Table 1). 

This spectrum looks a bit like a superposition of the two spectra from Fig. 18, although the 

peaks of the pure monomer are more dominant than the peaks of the polymer. Because of 

b) 
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the polymerized monomer the integrals of the peaks from the vinylic Hs should decrease and 

a comparison of the integrals j (2H) and i (0.76H) shows a monomer conversion of 24 % 

percent. It is also possible to calculate the Mn via NMR spectrum using end-group analysis. 

This method is explained in Fig. 20.  

 

Fig. 20: End-group analysis for determination of MN via 
1
H-NMR (250 MHz, in CDCl3).  

 

𝐷𝑃𝑁 =  
𝐼𝑚/𝑁𝑚

𝐼𝑅𝐴𝐹𝑇/𝑁𝑅𝐴𝐹𝑇
=  

1/4

0.03/3
= 25                                                             (7) 

The integral of peak m and l, which is caused by the four blue Hs is normalized to 1 and the 

integral of the peak n, caused by the three red Hs of the terminal RAFT agent, has an integral 

of 0.03. As Eq. 7 shows, the integral caused by hydrogens of a monomer has to be divided by 

its number of Hs and the same should be done for the end group, the RAFT agent. Further 

division of these relativized integrals will give the degree of polymerization (DPN), which can 

be used to calculate MN, see Eq. 8. 

𝑀𝑁 = 𝐷𝑃𝑁 ∗ 𝑀0 + 𝑀𝑅𝐴𝐹𝑇 = 25 ∗ 366.3
𝑔

𝑚𝑜𝑙
+ 364.6

𝑔

𝑚𝑜𝑙
= 9522.1 𝑔/𝑚𝑜𝑙                    (8) 

Another method for determination of Mn is gel permeation chromatography (GPC). Contrary 

to end-group analysis, which is an absolute method, GPC is a relative method and needs a 

calibration using polystyrol (PS) as a standard (see chapter 4 for more information) and will 

give an elution curve as a result. The elution curve is depicted in Fig. 21 (sample P19) and 

shows the distribution of the molecular weight and contains information about MN, MW and 

PDI.   
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A deviation is obvious when both methods are compared [MN (NMR) = 9522.1 g/mol and Mn 

(GPC) = 6151.4 g/mol]. This can be explained due to the fact that the GPC uses PS as 

standard and the polymer in this work is much more complicated than PS because it contains 

an azobenzene group. On the other hand, because the [RAFT]/[I] ration is not very high not 

all chains have to contain the RAFT agent as an end-group. For example, a polymer chain 

could contain the initiator on one end and on the other end the isobutyric acid form the 

reinitiation step. This would decrease peak n and cause a higher MN than it should be. But 

when some unreacted RAFT agent could not be removed than it could increase peak n and 

decrease MN,NMR.  

Now the experimental results for can be compared with the theoretical MN using Eq. 4.  

𝑀𝑁(𝑡ℎ𝑒𝑜𝑟. ) = 366.3
𝑔

𝑚𝑜𝑙
∗

1000

5
∗ 0.24 + 364.6

𝑔

𝑚𝑜𝑙
= 17942.2 𝑔/𝑚𝑜𝑙               (9)  

 

This is much higher than the experimental value. Because the RAFT concentration is only the 

double of the initiator concentration, the [M0]/[RAFT] ratio should change to 

[M0]/([RAFT]+[I]). This will change the theoretical MN to:  

𝑀𝑁(𝑡ℎ𝑒𝑜𝑟. ) = 366.3
𝑔

𝑚𝑜𝑙
∗

1000

5 + 2.5
∗ 0.24 + 364.6

𝑔

𝑚𝑜𝑙
= 12086.2 𝑔/𝑚𝑜𝑙          (10) 

This fits more to the experimental result from NMR and GPC analysis.  

 
 

 

MN ( g/mol) MW ( g/mol) PDI 

6151,36  8913,18  1,45 

Fig. 21:  The GPC result is a distribution curve with information about Mn, MW and PDI. P19 (after 24 hours, see 
Table 1) was used as an example. 
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3.3  Summarized Results and Discussion for RAFT Polymerizations    

After a RAFT polymerization, the samples were characterized in the way described in chapter 

3.2.   This is summarized in Table 1 and 2. The samples are ordered by [M]/[RAFT] ratios, 

beginning with the highest ratio. The DP values are derived from MN,GPC measurements.  

It should be mentioned that not all RAFT polymerizations worked. Sometimes the conversion 

was extremely low and purification was not done. Anisole was the solvent and DDMAT the 

RAFT agent in almost all reactions, if not, it will be mentioned in the description below. The 

same also applies for the reaction temperature of 70 °C. Further information can be found in 

chapter 4.  

Table 1: Results of the RAFT polymerizations ordered by [M]/[RAFT] ratio, starting with the highest ratio. 

Sample [M]/[RAFT]/[I] 
Conc. 

(mmol/L) 
Time 
(h) 

MN,GPC 
(g/mol) 

MW,GPC 
(g/mol) 

PDIGPC DP 
MN,NMR 
(g/mol) 

P1 1000/40/5 0.89 24 3.9 × 103 4.5 × 103 1.14 9.7 2.9 × 103 
P1 1000/40/5 0.89 48 3.3 × 103 3.8 × 103 1.15 8.1 4.3 × 103 
P2 1000/30/10 0.45 48 4.1 × 103 4.8 × 103 1.18 10.1 3.4 × 103 
P3 1000/25/5 1.19 48 6.1 × 103 7.7 × 103 1.26 15.7 4.3 × 103 
P4 1000/20/5 0.91 24 3.6 × 103 4.5 × 103 1.25 8.9 3.8 × 103 
P4 1000/20/5 0.91 48 3.8 × 103 4.9 × 103 1.27 9.5 4.3 × 103 
P5 1000/20/5 0.91 24 2.5 × 103 3.2 × 103 1.26 5.9 1.9 × 103 
P5 1000/20/5 0.91 48 3.1 × 103 3.9 × 103 1.26 7.5 3.4 × 103 
P6 1000/20/5 0.91 24 2.4 × 103 3.1 × 103 1.29 5.6 2.0 × 103 
P7 1000/20/5 0.91 24 1.7 × 103 2.1 × 103 1.21 3.72 0.6 × 103 
P8 1000/20/5 0.91 72 3.1 × 103 4.6 × 103 1.47 6.3 1.4 × 103 
P9 1000/15/5 0.83 24 4.5 × 103 5.9 × 103 1.32 11.3 4.9 × 103 

P10 1000/10/1 0.91 24 2.5 × 103 3.4 × 103 1.35 5.9 2.5 × 103 
P11 3000/25/10 1.36 48 5.3 × 103 7.0 × 103 1.33 13.4 7.2 × 103 
P12 2000/15/5 0.91 24 3.2 × 103 5.6 × 103 1.78 7.6 3.8 × 103 
P12 2000/15/5 0.91 48 2.9 × 103 7.3 × 103 2.52 6.9 3.1 × 103 
P13 4500/30/12,5 1.92 72 3.3 × 103 4.8 × 103 1.47 7.9 2.3 × 103 
P13 4500/30/12,5 1.92 144 3.9 × 103 5.6 × 103 1.40 9.9 4.9 × 103 
P14 3000/20/5 2.73 24 2.5 × 103 3.4 × 103 1.40 5.7 2.5 × 103 
P14 3000/20/5 2.73 48 2.5 × 103 3.4 × 103 1.36 5.8 3.1 × 103 
P15 2000/10/5 1.17 24 3.7 × 103 5.8 × 103 1.55 9.2 5.4 × 103 
P15 2000/10/5 1.17 48 4.5 × 103 6.9 × 103 1.54 11.3 8.2 × 103 
P16 2000/5 1.17 24 5.6 × 103 9.1 × 103 1.62 14.4 - 
P16 2000/5 1.17 48 8.2 × 103 12.1 × 103 1.47 21.4 - 
P17 2000/10/5 1.17 24 4.2 × 103 7.0 × 103 1.68 10.3 3.1 × 103 
P18 2000/10/5 1.8 24 3.0 × 103 6.5 × 103 2.17 7.2 8.2 × 103 
P19 2000/10/5 0.91 24 6.2 × 103 8.9 × 103 1.45 15.8 9.5 × 103 
P19 2000/10/5 0.91 48 6.4 × 103 9.1 × 103 1.43 16.5 9.5 × 103 
P20 2000/5/2.5 1.17 24 3.4 × 103 5.3 × 103 1.57 8.2 2.9 × 103 
P20 2000/5/2.5 1.17 48 3.2 × 103 5.3 × 103 1.65 7.8 3.4 × 103 
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Table 2: Comparison of the experimental molecular weight with the theoretical (MN,theory). When no 
conversion was measured then MN,theory  could not be calculated (see Eq. 4). 

Sample Conv. (%) 
MN,GPC 

(g/mol) 
MW,GPC 
(g/mol) 

MN,NMR 
(g/mol) 

MN,theory 
(g/mol) 

Comment 

P1 - 3.9 × 103 4.5 × 103 2.9 × 103 -  
P1 - 3.3 × 103 3.8 × 103 4.3 × 103 -  
P2 - 4.1 × 103 4.8 × 103 3.4 × 103 -  
P3 - 6.1 × 103 7.7 × 103 4.3 × 103 -  
P4 25 3.6 × 103 4.5 × 103 3.8 × 103 4.0 × 103  
P4 35 3.8 × 103 4.9 × 103 4.3 × 103 5.5 × 103  
P5 15 2.5 × 103 3.2 × 103 1.9 × 103 2.6 × 103 RAFT agent: 16 
P5 26 3.1 × 103 3.9 × 103 3.4 × 103 4.2 × 103 RAFT agent: 16 
P6 17 2.4 × 103 3.1 × 103 2.0 × 103 2.9 × 103 RAFT agent: 15 
P7 13 1.7 × 103 2.1 × 103 0.6 × 103 2.3 × 103 solv.: THF 
P8 28 3.1 × 103 4.6 × 103 1.4 × 103 4.5 × 103  
P9 - 4.5 × 103 5.9 × 103 4.9 × 103 -  

P10 11 2.5 × 103 3.4 × 103 2.5 × 103 4.0 × 103  
P11 37 5.3 × 103 7.0 × 103 7.2 × 103 12.0 × 103  
P12 - 3.2 × 103 5.6 × 103 3.8 × 103 -  
P12 - 2.9 × 103 7.3 × 103 3.1 × 103 -  
P13 22 3.3 × 103 4.8 × 103 2.3 × 103 8.9 × 103  
P13 22 3.9 × 103 5.6 × 103 4.9 × 103 8.9 × 103  
P14 9 2.5 × 103 3.4 × 103 2.5 × 103 4.3 × 103  
P14 11 2.5 × 103 3.4 × 103 3.1 × 103 5.2 × 103  
P15 17 3.7 × 103 5.8 × 103 5.4 × 103 8.7 × 103  
P15 18 4.5 × 103 6.9 × 103 8.2 × 103 8.2 × 103  
P16 16 5.6 × 103 9.1 × 103 - 8.2 × 103 FRP 
P16 19 8.2 × 103 12.1 × 103 - 9.2 × 103 FRP 
P17 15 4.2 × 103 7.0 × 103 3.1 × 103 7.7 × 103 RAFT agent: 16 
P18 11 3.0 × 103 6.5 × 103 8.2 × 103 5.7 × 103 solv.: THF 
P19 24 6.2 × 103 8.9 × 103 9.5 × 103 12.1 × 103 temp.: 85 0C 
P19 - 6.4 × 103 9.1 × 103 9.5 × 103  temp.: 50 0C 
P20 6 3.4 × 103 5.3 × 103 2.9 × 103 6.2 × 103  
P20 9 3.2 × 103 5.3 × 103 3.4 × 103 9.2 × 103 temp.: 90 0C 

 

 

Sample P1 

Here the [M]/[RAFT] ratio is quite low and due to a low [RAFT]/[I] ratio the PDI is narrow. It 

was also investigated how a longer reaction time could affect the polymerization. The result 

shows that a doubled reaction time had almost no effect on the polymerization. That is 

surprising because monomer conversion should grow with time and so the MN. It could be 

that during the process of sampling some oxygen got into the tube and terminated the 

reaction.    



 

20 
 

Sample P2  

Compared to sample P1 the [M]/[RAFT] ratio is higher and this increased the MN, although 

not much. The [RAFT]/[I] ratio is much lower but the dispersity is still narrow, indicating 

living polymerization characteristics. Despite the lower concentration in comparison to 

sample P1 the result is even better.  

 

Sample P3 

[M]/[RAFT] ratio decreased but not much. This could be the reason for a higher MN, whereby 

MN,NMR is in a similar range like P1 and P2. The concentration is also quite high and this could 

affect the result. Therefore, the concentration was kept constant in the next few 

polymerizations.  

 

Sample P4 

The concentration is lower than for sample P3, because the solubility of the monomer in 

anisole is good but not excellent. If the concentration is too high there could be solubility 

problems during the freeze-thaw-pump (FTP) cycles and the degassing could be less 

effective. For this and next reactions anisole was dried with CaH2 and redistilled. The 

monomer that was used was a bit older and synthesized by another person but had a good 

NMR spectrum.  The [M]/[RAFT] ratio again decreased but the MN did not increase.  

After additional reaction time of 24 h the MN increased slightly and the conversion increased 

by 10%. An increased conversion was expected but the growth of MN was expected to be 

higher. Maybe the monomer is not good anymore. The PDI did not grow significantly, 

implicating that the initiation and reinitiation step happened at the beginning of the 

reaction.  

 

Sample P5   

In this polymerization another RAFT agent 16 was tried out. Compared to sample P4, that 

had the same conditions but DDMAT as agent, this agent is less effective. It shows smaller 

MN and lower conversion for both reaction times.  

 

Sample P6 

The same conditions like for sample P4 and P5 were used here. It was investigated how 

another RAFT agent 15 will affect the polymerization. Showing low MN it did not perform 

well, although the conversion was alright and the PDI quite small. The agents 14, 15 and 16 
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differ only in the leaving group R. Like it was mentioned in chapter 2.3.1 and 3.1, R affects 

the reinitiation and a bad leaving group can retard the polymerization. This could explain the 

lower values for conversion and MN. Sample P4, P5 and P6 have almost similar PDI values. 

This is a bit surprising because a less good leaving group should also increase the PDI. A 

lower conversion could explain this result. Since less monomer was converted in the same 

time less unfavorable reactions, which could increase the PDI, can occur. 

 

Sample P7 

In this polymerization THF was used as solvent. Of course the THF should be without 

stabilizator, who would inhibit the reaction. MN and conversion are very low, so THF is not a 

good solvent. The dispersity is narrow but as mentioned before this can be attributed to the 

low conversion. A few other polymerizations were done with THF but all of them showed 

poor results and will not be further mentioned here. 

 

Sample P8  

This reaction was carried out for 3 days without taking any samples, like it was done for 

example for sample P1. The conversion is quite high but lower than for sample P4. MN is very 

low for such a long reaction time. Therefore a [M]/[RAFT]/[I] ratio of 2000/20/5 seems to be 

not a good one. 

 

Sample P9   

  

The [M]/[RAFT] ratio further decreased but the results for MN and MW are comparable to 

sample P2. There the amount of RAFT agent, AIBN and reaction time are the double of 

sample P8 and concentration is only the half of it. Hence, MN should be higher and PDI in the 

same range. But if MN,NMR is taken into account, a rise in MN,NMR can be seen.  

 

Sample P10 

The [RAFT]/[I] ratio is low if compared to other reactions. A narrow distribution was 

expected but a PDI of 1.35 is not very low. MN is also not that good. Maybe [I] was too small 

and impurities destroyed the small amount of radicals at the beginning of the reaction.  
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Sample P11 

In this reaction the concentration, [M]/[RAFT] ratio and amount of initiator was increased. 

This gave better results than previous reactions. A conversion of 37% was expected for a 

reaction time of 48 h. 

 

Sample P12 

Here, it was investigated what will happen when the concentration is similar to older 

reactions but [M]/[RAFT] ratio is increased. Sample P12 gave poor results. Maybe the 

amount of initiator was too small. The PDI is very high suggesting a free radical mechanism 

or many recombination reactions.  The solution with the RAFT agent was almost 3 weeks old, 

although it was always kept in a freezer.   

 

Sample P13 

Because of quit good results for sample P11 concentration and reaction time were very high 

in this reaction. To ensure a successful initiation step the amount of initiator was 

comparatively high. The results were not good and even after 144 h the conversion was the 

same as for 72 h. Maybe the reaction was inhibited during the process of sampling or the 

polymerization was already over after 72 h. 

 

Sample P14 

For this polymerization a concentration was chosen that was even higher than for sample 13. 

The amount of the other reactants was similar to the reactions before. MN was very low and 

PDI was high. The problem for sample 14 was that it was very concentrated and during the 

FTP cycles the degassing process was less effective due to an oversaturated solution, which 

did not melt well.    

Sample P15 and P16 

In this experiment a comparison between a RAFT polymerization (sample P15) and a free 

radical polymerization (FRP) (sample P16) was done. After 24 h the conversion of both 

reactions is almost the same but the MN is higher for the FRP. This is not surprising because 

in a RAFT polymerization there is an initiation and reinitiation step, therefore the growth of 

more chains will be initiated. A FRP has only the initiation step, so fewer chains will be 

initiated and at the same conversion a FRP should have larger chains. Furthermore, because 

there is no dormant species in FRP the propagation rate is much faster. It is interesting that 

after 48 h the PDI of RAFT stays the same but for FRP it decreased. It seems as if during the 

chain growth in FRP the chain lengths become more similar and it is also possible that a 
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recombination reaction is less dominant due to the bulky structure of the monomer. NMR 

analysis for MN,NMR is not possible here, since there is no peak that can be assigned to a 

specific end-group. The methyl groups of AIBN are overlapping with Hs from the linker.     

 

Sample P17  

Sample P17 is very similar to sample P15. The difference lies in the RAFT agent 16. The 

results are comparable to sample P15 but less good. So once again it was shown that 

DDMAT is the better agent.  

 

Sample P18 

Again THF was tried out as a solvent. The solubility in THF is better than in anisole. So if FTP 

cycles were performed with tubes containing high concentrations of the monomer, than 

degassing should be more effective than for anisole. Hence, this polymerization has been 

done with a higher concentration. Unfortunately the MN was low although [M]/[RAFT] ratio 

is high. The PDI is very high and this could be explained with a low [RAFT]/[I] ratio, whereby 

other polymerizations with a similar ratio (e.g. sample P15) showed a lower PDI. This result 

shows that anisole is still a better solvent.  

 

Sample P19 

In this polymerization temperature effects have been investigated. During the first 24 h the 

reaction temperature was at approx. 85 0C and then at approx. 50 0C. MN and conversion 

were comparatively good, indicating that this [M]/[RAFT]  ratio is alright. The high PDI can be 

attributed to the low [RAFT]/[I] ratio. It seems that the temperature decrease inhibited the 

polymerization, since the results after 48 h are almost the like after 24 h. 

 

Sample P20 

Similar to sample P19, temperature effects have been investigated here too. The first 24 h 

the temperature was at approx. 70 0C and in the next 24 h at approx. 90 0C.   The [M]/[RAFT]  

ratio is very high and should give high MN. After 24 h the MN was low and after additional 24 

h at a higher temperature almost no change was recognizable. Probably the amount of 

initiator was too low and most of the radicals have been destroyed at the beginning of the 

reaction. Otherwise, if a temperature is too high, depolymerization can occur.   

 



 

24 
 

21: PbAzo 

22: PtAzo 

23: PhAzo 

In summary, it can be said that RAFT polymerization is not very successful for high molecular 

weights. Maybe a low [I] and a rather slow reinitiation step were responsible for retardation 

or even inhibition. The PDI was influenced by [RAFT]/[I] ratio, because when it decreased the 

PDI increased (see chapter 2). It was also shown that an increase in reaction time often 

slightly increases conversion and therefore the MN.  

The calculated molecular weight (MN, theory) often matched with the experimental values, but 

it was always higher than MN, GPC or MN, NMR. Especially for the latter polymerizations MN, theory 

was much higher than the experimental values. This can be attributed to the monomer, 

because the monomer which was used in the latter reactions was recycled from former RAFT 

reactions.  

It was also mentioned by some group members that methacrylate works much better than 

acrylate, although the methacrylate should be a less activated monomer than acrylate[26]. In 

another work it was mentioned that the propagating radical could somehow interact with 

the azo group and this would inhibit the reaction. An idea why methacrylate works better 

could be the steric hindrance of the methyl group, because the methyl group could protect 

the uncoupled electron from the bulky azo group.  

 

3.4  Synthesis of New Monomers and Polymerization via ATRP  
 

Four other monomers were synthesized, 6-(4-((4-butylphenyl)diazenyl)phenoxy)hexyl acryl- 

ate 17, 6-(4-((4-(tert-butyl)phenyl)diazenyl)phenoxy)hexyl acrylate 18, 6-(4-((4-

decylphenyl)diazenyl)phenoxy)hexyl acrylate 19 and 6-(4-((4-hexadecylphenyl)diazenyl)- 

phenoxy)hexyl acrylate 20. The basic structure is the same like for 11 and the monomers 

only differ in their group R. This is depicted in Fig. 22.  

 

Fig. 22: Schematic illustration of an ATRP for the synthesis of the new polymers 21: PbAzo has a butyl group, 
22: PtAzo has a tert-butyl group and 23: PhAzo has a hexadecyl group.  

The synthetic route is the same as shown in Fig. 15. The product of the first step was 

commercially available for 17.  The procedure for all 3 steps was the same except for step 1. 

Step 1 is an azo coupling reaction and has to be done in an aqueous solution. Here the 

17:  R = C4H9 (butyl group) 

18:  R = C4H9 (tert-butyl group) 

19:  R = C10H21   

20:  R = C16H33   
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problem for 18, 19 and especially 20 is the solubility. Because of the large organic group the 

reactants are less good soluble in an aqueous solution. Therefore, a 1/1-mixture of 

water/acetone was used for 18, to overcome this problem. The same strategy was not 

effective for 19 and 20. Especially for 20 the amount of acetone was very high to get the 

reactant in solution, because due to the long C16H33 group the reactant acted as an 

organogelator building up a non-covalently bonded network that captures the solvent 

molecules. The solution was to use THF instead of acetone. Because the reactant is better 

soluble in THF than acetone and THF is miscible with water. Using this modification a yield 

could be achieved that was even more than the double of the yield in literature[40] (see 

chapter 4).   

It was also very important to keep the temperature very low and to add the phenol solution 

very slowly to the amine solution. Otherwise the NMR spectrum was not good and azo-

hydrazone tautomerism[41] was recognizable, because of a 1H-NMR signal at 13.5 ppm due to 

the H attached to N. The tautomerism can also occur when the pH adjustment to pH = 7 was 

not very accurate, which is represented in Fig. 23.  

 

Fig. 23: Azo-hydrazone tautomerism can occur during the first step of monomer synthesis.   

Especially 18 showed a high tendency for this tautomerism. The tert-butyl group presumably 

donate electron density into the aromatic system through the +I effect, making N more 

basic. Another important point is that the amount of starting material should not be too 

high. Because high amounts of starting material need a larger reaction flask due to solubility 

problems. This leads to slower heat dissipation and therefore it is more difficult to control 

the temperature.   

Unfortunately the third step of 19 was not successful and there was no time for another 

synthesis of 19.  

For the right ATRP conditions another recent work was used[32], because good 

polymerization results were reported by other members of our group using ATRP. The aim 

was to polymerize the new monomers in a way that all the chains should exhibit the same 

DP. Hence, they would have the same chain length and differences in their behavior should 

be only attributed to their difference in group R. The ATRP conditions are summarized in 

Table 3. 
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Table 3: ATRP condition for a reaction to synthesize an azopolymer with approx. MN = 10 000 g/mol. These 
conditions have been used for all ATRP.  

 
Weight 

(mg) 
Amount 
(µmol) 

Equiv. 

Monomer 1000  2450  150 
Initiator  3.7  16.3  1 

Deactivator 0.28  1.3  0.08 
Ligand 1.02  5.9  0.36 

 

 

  

Fig. 24: Molecular structure of initiator 21 and Ligand 23 used for ATRP.   

The initiator was methyl α-bromophenylacetate (MBPA) 24, the deactivator was CuBr2 25 

and as a ligand N,N,N′,N′′,N′′- pentamethyldiethylenetriamine (PMDETA) 26 was chosen. The 

solvent was always anisole (2 mL).   For further information see chapter 4.  

 

3.5  Characterization of the New Azopolymers Prepared by ATRP 
 

The same methods like in chapter 3.2 were applied for these polymers. For end-group 

analysis the 1H-NMR peak of the proton from the initiator (red H in Fig. 24) was used, which 

exhibit a chemical shift of 3.5 ppm.   

TGA measurements have been done and are shown in chapter 4. All of them show a similar 

decomposition temperature starting at approx. 250 0C. This characterization is important for 

DSC measurement and should allow a temperature range up to approx. 250 0C.   

3.6  Summarized Results and Discussion for ATRP 
 

Table 4: Summarized result for ATRP. The abbreviations for the polymers are explained in Fig. 22. 

Sample 
Time 
(h) 

Conv. 
(%) 

MN,GPC 
(g/mol) 

MW,GPC 
(g/mol) 

PDIGPC DP 
MN,NMR 
(g/mol) 

MN, theory 
(g/mol) 

P21 (PbAzo) 44 35 15.0 × 103 22.6 × 103 1.51 36,6 13.7 × 103 21.7 × 103 
P22 (PbAzo) 24 26 13.0 × 103 18.0 × 103 1.38 31,8  16.1 × 103 
P22 (PbAzo) 47 30 14.7 × 103 19.7 × 103 1.34 35,9 10.4 × 103 18.4 × 103 
P23 (PbAzo) 24 26 11.6 × 103 15.7 × 103 1.36 28,4  16.1 × 103 
P24 (PbAzo) 18 24 11.9 × 103 17.1 × 103 1.44 29,2  15.1 × 103 
P25 (PbAzo) 24 23 14.9 × 103 20.9 × 103 1.40 36,4 10.4 × 103 14.3 × 103 
P26 (PtAzo) 24 12 8.5 × 103 13.2 × 103 1.56 20,7 7.1 × 103 7.8 × 103 
P27 (PhAzo) 31 16 16.1 × 103 22.9 × 103 1.42 28,0 14.6 × 103 14.0 × 103 
P28 (PtAzo) 24 52 21.5 × 103 33.3 × 103 1.55 52,6 13.7 × 103  

26 
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The first 6 reactions have been done with 17 to synthesize PbAzo, because the amount of 

this monomer was abundant. For 18 and 20 there was only a small amount of the monomer, 

because of expensive starting materials and restrictions in the amount due to step 1. 

Therefore, it was possible to play around with the reaction time to see whether it is possible 

to regulate MN via reaction time. On the other hand it was analyzed whether the MN will stay 

approx. the same when all conditions remain the same. Table 4 shows that the molecular 

weight remains approx. the same and if reaction time is increased. This will increase 

conversion and MN. ATRP with 18 and 20 has been done after these results. Although the 

same conditions were used for P26 as for the samples before, the MN is lower and the PDI is 

much higher. An explanation could be the bulky tert-butyl group. It could make the 

monomer more sterically demanding, whereby this group is actually further away from the 

reactive center. The same could apply for sample P27. The hexadecyl chain is not that bulky 

but it is very long and fluctuations in solution could produce steric demand of the monomer. 

Because of the small conversions the amount of polymer P26 and P27 was very low and not 

enough for extended characterization (e.g. DSC of cis-P26). A longer reaction time was 

chosen for P27, because of the small DP for P26. P27 has 28 repeating units, therefore it is 

comparable to the other PbAzo samples.    

P28 is especially interesting because of the high MN. Almost all reaction conditions are the 

same as for the other polymerizations but there were some differences, too. The amount of 

deactivator was 0.25 mg, the copper wire was almost 10 centimeter long and the amount of 

solvent was 1.9 mL instead 2 mL. The idea was that less deactivator would increase 

propagation and therefore the DP for P28. It is not sure whether the longer copper wire has 

an effect. But if the mechanism from Fig. 11 is right, it could be that more Cu(0) promotes 

comproportionation, producing more Cu(l) species which acts as the main activator and this 

would also increase the propagation. As it was mentioned before in chapter 2, a high 

concentration of the active species can facilitate a high PDI. These notions could explain the 

high MN and PDI. 

 

3.7  Photoisomerization of  PbAzo 21, PtAzo 22 and PhAzo 23 
 

As described in chapter 2, the cis-trans photoisomerization is a very important ability of 

azobenzene groups and therefore of azopolymers. This ability has been already 

demonstrated for 11 in a previous work from our group[3]. Therefore, only 21, 22 and 23 will 

be investigated in this chapter.  

This paper[3] describes a trans to cis transition when the azopolymer is irradiated with UV 

(365 nm) and a cis to trans transition when the polymer is irradiated with visible light (530 

nm). Since the electronical structure of the azobenzene moiety in 11, 21, 22 and 23 should 

be similar, the UV-Vis experiments were oriented towards these wavelengths. The 

absorption was measured in a range of 200 to 800 nm, although only a range of 250 to 650 
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nm is depicted, for the sake of clarity. For all irradiation experiments the intensity was 

always 2.79 mW/cm2 for UV and 3.34 mW/cm2 for Vis and the irradiation time was 10 

minutes for UV-Vis spectroscopy. After irradiation with UV the color of the polymer in 

solution changed, because the absorption spectrum of the cis-azopolymer is different as can 

be seen in Fig. 25.  

 

Fig. 25: UV-Vis absorption spectra of PbAzo P25 in THF, before irradiation (black curve), after irradiation with 
365 nm (UV) wavelength (blue curve) and after irradiation with 530 nm (Vis) wavelength (green curve), in 
each case for 10 minutes. The intensity for irradiation with UV was always 2.79 mW/cm

2
 and for Vis always 

3.34 mW/cm
2
. The change of the absorption spectrum is also depicted in the right part of this figure. 

 

As Fig. 25 shows, there is a high absorbance peak at 279 nm for all PbAzo states. This can be 

attributed to a 𝜋 → 𝜋∗ transition of the phenyl moiety. This transition, often expressed as 

𝜑 → 𝜑∗, is independent upon the orientation of the azobenzene moiety and this is the 

reason why it is almost the same in cis and trans state. The next absorption peak is at 350 

nm and is well known as a 𝜋 → 𝜋∗ transition of the azobenzene group, which is dependent 

upon the orientation of the azobenzene moiety[42]. This peak almost disappeared after 

irradiation with UV for 10 minutes, because after a trans to cis isomerization the molecule is 

not planar anymore and the orbitals are distorted, hence there is no transition dipole 

moment anymore[16]. To be sure that approx. all polymers are in cis state after UV irradiation 

for 10 minutes, PbAzo was irradiated a second time with UV and the spectra were 

compared, resulting in complete equability.   

The peak at 450 nm is very small and can be attributed to a 𝑛 → 𝜋∗ transition. As described 

in chapter 2, this transition is symmetrically forbidden for the planar centrosymmetric trans 

state, but not for cis state. This peak increases after irradiation with UV, because more 

molecules are in the cis state now.    

The next step is irradiation with 530 nm for 10 minutes and it was to demonstrate the cis to 

trans isomerization. As expected, the 𝑛 → 𝜋∗ transition decreased and the 𝜋 → 𝜋∗ transition 
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increased. It is interesting that after irradiation with visible light both peaks, at 279 and 

especially 350 nm, showed a stronger absorbance than before irradiation. This behavior is 

well known for azopolymers in solid state, because the orientation of the azobenzene groups 

affects the absorption, but in solution the orientation is isotropic. This can be probably 

accredited to a change in stacking of the azobenzene groups[3].    

The same procedure that has been done for PbAzo P25 is also done for PtAzo P26 and PhAzo 

P27. 

 

 

Fig. 26: UV-Vis absorption spectra of PtAzo P26 in THF, before irradiation (black curve), after irradiation with 
365 nm (UV) wavelength (blue curve) and after irradiation with 530 nm (vis) wavelength (green curve), in 
each case for 10 minutes.   

 

Fig. 27: UV-Vis absorption spectra of PhAzo P27 in THF, before irradiation (black curve), after irradiation with 
365 nm (UV) wavelength (blue curve) and after irradiation with 530 nm (vis) wavelength (green curve), in 
each case for 10 minutes. 
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The results from UV-Vis experiments are quite similar for all 3 polymers. This is reasonable, 

since the different groups should not change the electronical structure of the molecules so 

much. The results have also shown that controlled photoisomerization is possible for all 3 

polymers.  

Another method for investigation of photoisomerization can be done by 1H-NMR 

spectroscopy. Because of trans to cis isomerization the electronical structure of the 

azobenzene group will change. This leads to a change in chemical shift for protons which are 

near this group. The protons which are affected most are shown in Fig. 28.  

 
Fig. 28: Protons whose chemical shifts will be influenced by photoisomerization. 

For NMR measurements P25, P26 and P27 were chosen and measured before irradiation 

and after 10 minutes Irradiation with UV. After 10 minutes a change in ppm was observable 

only for P25 and the samples were irradiated for additional 20 min with UV. After these 30 

minutes of UV irradiation, P26 showed some change although there are still many molecules 

in trans state. P27 did not show any significant change.   

After this, the samples were irradiated with Vis light for 30 minutes to see a cis to trans 

transition. Vis light changed only the spectra of P25 and P26 significantly because there was 

almost no trans to cis transition for P27 before. These results are shown in Fig. 29, 30 and 

31.   
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Fig. 29 
1
H-NMR (250 MHz, in CD2Cl2)  spectra for PbAzo P25 showing results from UV-Vis experiments: a) P25 

before irradiation b) P25 after irradiation with UV for 30 minutes  c) P25 after irradiation wit Vis for 30 
minutes. 

Fig. 29 shows that the peak at 2.65 ppm for Ha decreases and increases at 2.55 ppm. The 

peak at 3.93 ppm for He shifted as well to slightly lower 3.84 ppm. All aromatic hydrogens Hc, 

Hb and Hd decreased and therefore 3 new peaks arouse in directly vicinity to the peak for Hd. 

These results showed a successful control over photoisomerization for PbAzo P25, although 

even after 30 minutes of irradiation with UV not all molecules exhibited the cis state. It is 

also surprising that PhAzo P27 did not show any significant isomerization (Fig. 31), although 

all three tubes were always irradiated at the same time with the same LED.  

 

a) 

b) 

c) 

CH2Cl2 
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Fig. 30: 
1
H-NMR (250 MHz, in CD2Cl2)   spectra for PtAzo P26 showing results from UV-Vis experiments: a) P26 

before irradiation b) P26 after irradiation with UV for 30 minutes  c) P26 after irradiation with Vis for 30 
minutes.  

 

 

Fig. 31: 
1
H-NMR (250 MHz, in CD2Cl2)   spectra for PhAzo P27 showing results from UV-Vis experiments: a) 

P27 before irradiation b) P27 after irradiation with UV for 30 minutes  c) P27 after irradiation with Vis for 30 
minutes.  

a) 

 

CH2Cl2 

b) 

c) 

a) 

c) 

b) 

CH2Cl2 



 

33 
 

 

Because P26 and P27 did not show a significant transition, the same experiment was done 

for the monomers. 

 

Fig. 32: 
1
H-NMR  (250 MHz, in CD2Cl2) spectra for monomer 17 showing results from UV-Vis experiments: a) 

17 before irradiation b) 17 after irradiation with UV for 30 minutes  c) 17 after irradiation with Vis for 30 
minutes.  

 

Fig. 33: 
1
H-NMR (250 MHz, in CD2Cl2) spectra for monomer 18 showing results from UV-Vis experiments: a) 

18 before irradiation b) 18 after irradiation with UV for 30 minutes  c) 18 after irradiation with Vis for 30 
minutes. 

CHCl3 

CHCl3 

a) 

b) 

c) 

a) 

b) 

c) 
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Fig. 34: 
1
H-NMR (250 MHz, in CD2Cl2) spectra for monomer 20 showing results from UV-Vis experiments: a) 

20 before irradiation b) 20 after irradiation with UV for 30 minutes  c) 20 after irradiation with Vis for 30 
minutes. 

The NMR spectra for all monomers are showing the expected behavior. The peaks of the 

protons shown in Fig. 28 shifted after UV irradiation in the same manner as has been seen 

for PbAzo P25 in Fig. 29, but much more significant. Hence, it could be shown that controlled 

photoisomerization is possible and much more effective for the monomer than for the 

polymer, especially for the polymers with the bulky tert-butyl group and the long hexadecyl 

group.   

A notion why such a behavior is observable could be the steric hindrance of these groups. In 

the cis state the sterically demanding R group is producing more stress in the chain and this 

leads to less stability. This stress does not occur for the monomer solution, where the 

monomers are not in direct vicinity. If this is true, PmethAzo 11 should show an even better 

trans to cis conversion because the methyl group is even less sterically demanding than the 

butyl group. Therefore, the same experiment is shown for PmethAzo 11 in Fig. 35. Almost a 

full conversion to the cis state is recognizable for PmethAzo, because the peak for Hc 

disappeared.   

a) 

b) 

c) 
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Fig. 35: 
1
H-NMR (250 MHz, in CD2Cl2)   spectra for PmethAzo 11 showing results from UV-Vis experiments: a) 

11 before irradiation b) 11 after irradiation with UV for 30 minutes  c) 11 after irradiation with Vis for 30 
minutes. The arrows are showing the peaks which were used to calculate the percentage of molecules in cis 
state. 

The two arrows in Fig. 5 are pointing at peaks which can be used to calculate the percentage 

of molecules in cis state.  

Table 5: The percentage of polymers in cis state calculated via NMR measurements.  

 Cis State  

PmethAzo 11 97% 
PbAzo P25 68% 
PtAzo P26  35% 
PhAzo P27 7%  

 

These results are suggesting that a sterically demanding group prevents the trans to cis 

transition. Furthermore, Fig. 30 shows that there is some amount of cis-PtAzo even before 

irradiation (approx. 5% based on NMR spectrum). And after Vis irradiation, PtAzo still 

exhibits a significant peak at 7.26 ppm, which is produced by cis-PtAzo. This means that 

PtAzo has the worst cis to trans transition.  

Having this in mind, it is possible that a sterically demanding group produces a high energy 

barrier for a trans to cis transition and vice versa.  

 

a) 

b) 

c) 
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4.  Experimental Part 
 

The reactants and solvents were purchased from Sigma-Aldrich, Alfa Aesar or TCI 

Deutschland. They were used without further purification, except anisole which was purified 

for some reactions (see chapter 3.3). For column chromatography silica gel from Macherey-

Nagel was used with a particle size of 0.063 – 0.2 mm.      

 

4.1  Analytical Methods 
 

This chapter will provide the basic information about the analytical methods that were used 

for this work. The spectra can be found in chapter 4.2 and 4.3. 

4.1.1  Nuclear Magnetic Resonance Spectroscopy 

The 250 MHz NMR Spectrometer Avance from Bruker was used for 1H-NMR and 13C-NMR 

analysis. This has been done at 298 K and tetramethylsilan (ppm = 0.0) was used as an 

external standard. For an internal standard the deuterated solvents were used, which 

chemical shifts relative to the external standard are known.  

4.1.2  Gel Permeation Chromatography  

Agilent 1260 Infinity was used to determine MN, MW, and PDI. THF was used as eluent at a 

flow rate of 1.0 mL/min and the injection volume was 50.0 mL. For calibration polystyrol (PS) 

was used as standard. The temperature was 30 0C and the detector is termed SECcurity RID 

and PSS SECcurity UV. 

4.1.3  Thermogravimetric Analysis 

TGA-851 from Mettler Toledo was used for thermogravimetric analysis. The measurement 

was proceeded under nitrogen atmosphere and the temperature ranged from 25 0C up to 

700 0C, with a heating rate of 10 0C¬/min. 

4.1.4  UV-Vis-NIR Spectroscopy 

A Lambda 900 spectrometer from Perkin Elmer was used for UV-Vis-NIR-Spectroscopy. The 

wavelength ranged from 200 nm up to 800 nm with a scanning speed of 196.77 nm/min. 
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4.1.5  LED Irradiation   

A Four-Channel Dual-Mode LED Controller from Mightex Systems was used to irradiate the 

polymers. The LEDs, also from Mightex Systems, irradiated wavelengths of 365 and 530 nm 

with an intensity of  2.79 mW/cm2  and 3.34 mW/cm2, respectively. 

 

4.1.6  Mass Spectroscopy 

A Synapt G2 Si high resolution time of flight mass spectrometer from Waters Corp. was used. 
The spectrometer utilized a 337 nm nitrogen laser and was calibrated against poly(ethylene 
glycol) (3000). 

 

 

4.2 Syntheses and Spectra of the Monomers 
 

4.2.1  6-(4-(p-tolyldiazenyl)phenoxy)hexan-1-ol   8 

Reagents 

4-(p-tolyldiazenyl)phenol   6 12.0 g 57 mmol 
K2CO3 7.9 g 57 mmol  
6-chlorohexan-1-ol   7 9.4 g  68 mmol 
KI catalytic amount  
DMF 66 mL  
 

Procedure  

In an argon atmosphere, all 4 reactants were dissolved in 66 mL dry DMF and the solution 

was heated up to 110 0C. The solution was stirred for 24 hours at 110 0C. Approx. 90% of the 

solvent was evaporated at reduced pressure and then the reaction flask was filled with 

water. The precipitate was filtered and dried in a vacuum oven for a few hours. Afterwards 

the crude product was recrystallized in ethanol to receive the product as a yellow-brown 

solid.  

Yield: 17.0 g ( 54.5 mmol, 95.6%) 

Chemical Formula:  C19H24N2O2 

Molecular Weight: 312.4 g/mol 
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Fig. 36: 
1
H-NMR (250 MHz, in CDCl3) spectrum of 6-(4-(p-tolyldiazenyl)phenoxy)hexan-1-ol  8. 

 

4.2.2  6-(4-(p-tolyldiazenyl)phenoxy)hexyl acrylate  10 

Reagents 

6-(4-(p-tolyldiazenyl)phenoxy)hexan-1-ol    8 17.0 g 54.5 mmol 
TEA  5.5 g 54.5 mmol  
Acryloylchloride   9 5.4 g  60.0 mmol 
DCM 100 mL  
 

Procedure  

In an argon atmosphere, 6-(4-(p-tolyldiazenyl)phenoxy)hexan-1-ol  8 and TEA  were 
dissolved in 100 mL dry DCM. The solution was cooled down with an ice bath to 0 0C and 
acryloylchloride 9 was added slowly. The ice bath was removed after all 8 was added and the 
solution was stirred for 20 hours at room temperature.  The solvent was removed under 
reduced pressure and the crude product was purified via silica gel column to receive the 
azomonomer as a yellow solid.  

Yield: 15.1 g (41.2 mmol, 75.7%) 

Chemical Formula: C22H26N2O3 

Molecular Weight: 366.5 g/mol 
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Fig. 37: Mass spectrum of 6-(4-(p-tolyldiazenyl)phenoxy)hexyl acrylate  10. 

 

Fig. 38:  
1
H-NMR (250 MHz, in CDCl3)  spectrum of 6-(4-(p-tolyldiazenyl)phenoxy)hexyl acrylate  10. 
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Fig. 39: 
13

C-NMR (250 MHz, in CDCl3)  spectrum of 6-(4-(p-tolyldiazenyl)phenoxy)hexyl acrylate  10. 

 

4.2.3  6-(4-((4-butylphenyl)diazenyl)phenoxy)hexan-1-ol 

Reagents 

4-((4-butylphenyl)diazenyl)phenol 15.0 g 59.0 mmol 
K2CO3 12.23 g 88.5 mmol  
6-chlorohexan-1-ol   7 8.7 g  63.3 mmol 
KI 0.5 g 3.0 mmol 
DMF 100 mL  
 

Procedure  

The procedure was the same as described in chapter 4.1.1. 

Yield: 15.3 g (43.2 mmol, 73.2%) 

Chemical Formula: C22H30N2O2 

Molecular Weight: 354.49 g/mol 



 

41 
 

 

Fig. 40: Mass spectrum of 6-(4-((4-butylphenyl)diazenyl)phenoxy)hexan-1-ol. 

  

 

Fig. 41: 
1
H-NMR (250 MHz, in CDCl3)  spectrum of 6-(4-((4-butylphenyl)diazenyl)phenoxy)hexan-1-ol. 

 

0.0%

10.0%

20.0%

30.0%

40.0%

50.0%

60.0%

70.0%

80.0%

90.0%

100.0%

325 329 333 338 342 346 351 355 360 364 369 373

m/z 



 

42 
 

 

Fig. 42: 
13

C-NMR (250 MHz, in CDCl3)  spectrum  of 6-(4-((4-butylphenyl)diazenyl)phenoxy)hexan-1-ol. 

 

4.2.4   6-(4-((4-butylphenyl)diazenyl)phenoxy)hexyl acrylate  17 

Reagents 

6-(4-((4-butylphenyl)diazenyl)phenoxy)hexan-1-ol  10.5 g 29.6 mmol 
TEA  3.0 g 29.6 mmol  
Acryloylchloride   9 3.2 g  35.4 mmol 
DCM 85 mL  
 

Procedure 

The procedure was the same as described in chapter 4.1.2. 

Yield: 9.1 g (22.3 mmol, 75.3%)  

Chemical Formula: C25H32N2O3 

Molecular Weight: 408.54 g/mol 
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Fig. 43: Mass spectrum  of 6-(4-((4-butylphenyl)diazenyl)phenoxy)hexyl acrylate  17. 

 

 

Fig. 44: 
1
H-NMR (250 MHz, in CDCl3)  spectrum  of 6-(4-((4-butylphenyl)diazenyl)phenoxy)hexyl acrylate  17. 
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Fig. 45: 
13

C-NMR (250 MHz, in CDCl3)  spectrum  of 6-(4-((4-butylphenyl)diazenyl)phenoxy)hexyl acrylate  17. 

 

4.2.5   4-((4-(tert-butyl)phenyl)diazenyl)phenol 

Reagents 

4-(tert-butyl)aniline 5.0 g 33.5 mmol 
Phenol 5 3.2 g 33.5 mmol 
HCl  3.2 g  88.5 mmol 
NaNO3 2.3 g  33.5 mmol 
NaOH 3.5 g 87.5 mmol 
 

Procedure 

4-(tert-butyl)aniline was dissolved in a mixture of 7.5 mL deionized water, 7.5 mL conc. HCL 

and 15 mL acetone. The mixture was heated up to 45 0C to dissolve everything. Another 

mixture with phenol and NaOH in 45 mL water was prepared. NaNO3 was dissolved in 15 mL 

water. All 3 solutions were cooled down to -5 to -10 0C. The NaNO3 solution was added very 

slowly to the phenol solution and after all NaNO3 was transferred, the mixed solutions were 

stirred for 40 minutes. Then the phenol solution was added also very slowly to the 4-(tert-

butyl)aniline solution. The temperature was always in a range of -5 to -10 0C during these 

steps and an acetone/water (1/1)  mixture was added in portions of 2 mL 5 times to help to 

dissolve the reactants.  The ice-salt bath was removed after the addition was complete and 
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the mixture was stirred at room temperature for 2 hours. The mixture was neutralized, 

filtered and washed with water. The product was not further purified by recrystallization 

because former recrystallizations produced a product that had a less good NMR spectrum 

than the non-recrystallized product.  

 

Yield: 7.4 g (29.1mmol, 86.9%)  

Chemical Formula: C16H18N2O 

Molecular Weight: 254.33 g/mol 

 

Fig. 46:  Mass spectrum of 4-((4-(tert-butyl)phenyl)diazenyl)phenol. 
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Fig. 47: 
1
H-NMR (250 MHz, in CDCl3)  spectrum of 4-((4-(tert-butyl)phenyl)diazenyl)phenol. 

 

Fig. 48: 
13

C-NMR (250 MHz, in CDCl3)  spectrum of 4-((4-(tert-butyl)phenyl)diazenyl)phenol. 
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4.2.6   6-(4-((4-(tert-butyl)phenyl)diazenyl)phenoxy)hexan-1-ol 

Reagents 

4-((4-(tert-butyl)phenyl)diazenyl)phenol 7.4 g 29.1 mmol 
K2CO3 6.0 g 43.7 mmol  
6-chlorohexan-1-ol   7 5.1 g  37.5 mmol 
KI 0.3 g 1.8 mmol 
DMF 70 mL  
 

Procedure  

The procedure was the same as described in chapter 4.1.1. 

Yield: 6.1 g (17.1 mmol, 58.7%) 

Chemical Formula: C22H30N2O2 

Molecular Weight: 354.49 g/mol 

 

Fig. 49: Mass spectrum of 6-(4-((4-(tert-butyl)phenyl)diazenyl)phenoxy)hexan-1-ol. 
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Fig. 50: 
1
H-NMR (250 MHz, in CDCl3)  spectrum of 6-(4-((4-(tert-butyl)phenyl)diazenyl)phenoxy)hexan-1-ol. 

 

 

Fig. 51: 
13

C-NMR (250 MHz, in CDCl3)  spectrum of 6-(4-((4-(tert-butyl)phenyl)diazenyl)phenoxy)hexan-1-ol. 
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4.2.7   6-(4-((4-(tert-butyl)phenyl)diazenyl)phenoxy)hexyl acrylate 18 

Reagents 

6-(4-((4-(tert-butyl)phenyl)diazenyl)phenoxy)hexan-1-ol 6.1 g 17.1 mmol 
TEA  1.7 g 17.1 mmol  
Acryloylchloride   9 1.8 g  20.3 mmol 
DCM 45 mL  
 

Procedure 

The procedure was the same as described in chapter 4.1.2. 

Yield: 3.5 g (8.7 mmol, 50.7%) 

Chemical Formula: C25H32N2O3 

Molecular Weight: 408.54 g/mol 

 

Fig. 52: Mass spectrum of 6-(4-((4-(tert-butyl)phenyl)diazenyl)phenoxy)hexyl acrylate. 
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Fig. 53: 
1
H-NMR (250 MHz, in CDCl3)  spectrum of 6-(4-((4-(tert-butyl)phenyl)diazenyl)phenoxy)hexyl acrylate. 

 

Fig. 54: 
13

C-NMR (250 MHz, in CDCl3)  spectrum of 6-(4-((4-(tert-butyl)phenyl)diazenyl)phenoxy)hexyl 
acrylate. 
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4.2.8   4-((4-hexadecylphenyl)diazenyl)phenol 

Reagents 

4-Hexadecylaniline 5.0 g 15.7 mmol 
Phenol 5 1.5 g 15.7 mmol 
HCl  786.8 mg  21.6 mmol 
NaNO3 1.1 g  15.7 mmol 
NaOH 1.6 g 21.6mmol 
 

Procedure 

4-hexadecylaniline was dissolved in a mixture of 8 mL deionized water, 3.6 mL conc. HCL and 

15 mL THF. The mixture was heated up to 60 0C to dissolve everything. Because of the long 

hexadecyl chain the solution formed an organogel when it was cooling down. 80 mL THF and 

22 drops of conc. HCl were added additionally to dissolve 4-hexadecylaniline.  Another 

mixture with 5 and NaOH in 20 mL water was prepared. NaNO3 was dissolved in 15 mL 

water. All 3 solutions were cooled down to 2 to -2 0C. The NaNO3 solution was added very 

slowly to the phenol solution and after all NaNO3 was transferred, 13 drops conc. HCL were 

added and the mixed solutions were stirred for 40 minutes. Then the phenol solution was 

added also very slowly to the 4-hexadecylaniline solution. The temperature was always in a 

range of 3 to -2 0C during these steps. The rest of the procedure is the same as described in 

chapter 4.1.5.   

Yield: 6.1 g (14.4 mmol, 91.2%)  

Chemical Formula: C28H42N2O 

Molecular Weight: 422.66 g/mol 

 

Fig. 55: Mass spectrum of 4-((4-hexadecylphenyl)diazenyl)phenol. 
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Fig. 56: 
1
H-NMR (250 MHz, in CDCl3)  spectrum of 4-((4-hexadecylphenyl)diazenyl)phenol. 

 

Fig. 57: 
13

C-NMR (250 MHz, in CDCl3)  spectrum of 4-((4-hexadecylphenyl)diazenyl)phenol. 
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4.2.9   6-(4-((4-hexadecylphenyl)diazenyl)phenoxy)hexan-1-ol 

Reagents 

4-((4-hexadecylphenyl)diazenyl)phenol 6.1 g 29.1 mmol 
K2CO3 3.0 g 43.7 mmol  
6-chlorohexan-1-ol   7 2.3 g  37.5 mmol 
KI 1.2 g 7.2 mmol 
DMF 100 mL  
 

Procedure  

The procedure was the same as described in chapter 4.1.1. 

Yield: 6.3 g (11.9 mmol, 83.2%)  

Chemical Formula: C34H54N2O2 

Molecular Weight: 522,82 g/mol 

 

Fig. 58: Mass spectrum of 6-(4-((4-hexadecylphenyl)diazenyl)phenoxy)hexan-1-ol 
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Fig. 59: 
1
H-NMR (250 MHz, in CDCl3)  spectrum of 6-(4-((4-hexadecylphenyl)diazenyl)phenoxy)hexan-1-ol 

 

Fig. 60: 
13

C-NMR (250 MHz, in CDCl3)  spectrum of 6-(4-((4-hexadecylphenyl)diazenyl)phenoxy)hexan-1-ol 
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4.2.10   6-(4-((4-hexadecylphenyl)diazenyl)phenoxy)hexyl acrylate 19 

Reagents 

6-(4-((4-(tert-butyl)phenyl)diazenyl)phenoxy)hexan-1-ol 6.3 g 11.9 mmol 
TEA  1.2 g 11,9 mmol  
Acryloylchloride   9 1.3 g  14.2 mmol 
DCM 100 mL  
 

Procedure 

The procedure was the same as described in chapter 4.1.2. 

Yield: 2.5 g (4.3 mmol, 35.6%) 

Chemical Formula: C37H56N2O3 

Molecular Weight: 576,87 g/mol 

 

Fig. 61: Mass spectrum of 6-(4-((4-hexadecylphenyl)diazenyl)phenoxy)hexyl acrylate. 
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Fig. 62: 
1
H-NMR (250 MHz, in CDCl3)  spectrum of 6-(4-((4-hexadecylphenyl)diazenyl)phenoxy)hexyl acrylate. 

 

Fig. 63: 
13

C-NMR (250 MHz, in CDCl3)  spectrum of 6-(4-((4-hexadecylphenyl)diazenyl)phenoxy)hexyl acrylate 
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4.2.11   4-((4-decylphenyl)diazenyl)phenol 

Reagents 

4-Decylaniline 5.0 g 15.7 mmol 
Phenol 5 1.5 g 15.7 mmol 
HCl  786.8 mg  21.6 mmol 
NaNO3 1.1 g  15.7 mmol 
NaOH 1.6 g 21.6mmol 
 

Procedure 

The procedure was the same as described in chapter 4.1.5. 

 

Yield: 3.1 g (9.2 mmol, 86.2%)  

Chemical Formula: C22H30N2O 

Exact Mass: 338.24 g/mol  

 

Fig. 64: Mass spectrum of 4-((4-decylphenyl)diazenyl)phenol 
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Fig. 65: 
1
H-NMR (250 MHz, in CDCl3)  spectrum of 4-((4-decylphenyl)diazenyl)phenol 

 

Fig. 66: 
13

C-NMR (250 MHz, in CDCl3)  spectrum of 4-((4-decylphenyl)diazenyl)phenol 
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4.2.12   6-(4-((4-decylphenyl)diazenyl)phenoxy)hexan-1-ol 

Reagents 

4-((4-decylphenyl)diazenyl)phenol 3.1 g 9.2 mmol 
K2CO3 1.9 g 13.9 mmol  
6-chlorohexan-1-ol   7 1.5 g  10.6 mmol 
KI 0.9 g 5.4 mmol 
DMF 50 mL  
 

Procedure  

The procedure was the same as described in chapter 4.1.1. The last step of the synthesis of    

6-(4-((4-decylphenyl)diazenyl)phenoxy)hexyl acrylate 19 was unfortunately not successful.  

Yield: 2.3 g (5.3 mmol, 57.5%)  

Chemical Formula: C28H42N2O2 

Molecular Weight: 438,66 g/mol 

 

Fig. 67: Mass spectrum of 6-(4-((4-decylphenyl)diazenyl)phenoxy)hexan-1-ol 
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Fig. 68: 
1
H-NMR (250 MHz, in CDCl3)  spectrum of 6-(4-((4-decylphenyl)diazenyl)phenoxy)hexan-1-ol 

 

4.3  Syntheses and Spectra of the Polymers 

4.3.1  General RAFT Polymerization Procedure   

All RAFT polymerizations have been done by a similar procedure and differences are 

mentioned in chapter 3.3 and 3.1. A Schlenk tube (25 mL) with a stirring bar was filled with 

monomer, RAFT agent and solvent. The reaction mixture was heated until the reactants 

were dissolved and cooled down to room temperature (RT). AIBN was added and the tube 

was sealed tightly. The reaction mixture was degassed using 3 freeze-thaw-pump (FTP) 

cycles and then the tube was inserted into a preheated oil bath. The solvent was evaporated 

after the reaction was over and purified via column.   

Some general remarks on the procedure should be mentioned. The amount of RAFT agent 

and initiator is very small, hence solutions with low concentrations of these materials have 

been prepared to get a precise quantity. AIBN was recrystallized twice from ethanol.  

Although almost all polymerizations have been conducted at 70 0C, the Schlenk tube was 

inserted into the oil bath at higher temperatures (approx. 90 0C) to ensure that 

decomposition of the initiator will be fast and most chains will start to grow at the same 

time. Because even a good initiator like AIBN has at 65 0C a half-life of 10 hours[43].  After 

putting the Schlenk tube into the oil bath a slow temperature decrease to 70 0C was allowed 

but the thermometer that was connected to the heater was not very accurate.  
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The first polymers were purified by precipitation in methanol but this method was less 

effective than purification via column with silica gel. For the purification the monomer was 

first eluted with dichloromethane (DCM). After all monomer was eluted, tetrahydrofuran 

(THF) can be used to elute the polymer.   

Some polymerizations have been done under argon atmosphere but these were not 

successful. Thus, all RAFT polymerizations that are mentioned here have been done under 

vacuum.  

  

4.3.2   Syntheses, 1H-NMR and GPC Spectra of PmethAzo 11 

Table 5 summarizes the amount of substance for the RAFT polymerizations to synthesize 
Poly-6-(4-(p-tolyldiazenyl)phenoxy)hexyl acrylate PmethAzo 11.  

Table 6: The weight and amount of substance for the RAFT polymerizations. 

Sample RAFT (mg) AIBN (mg) 
Monomer 

(g) 
RAFT 

(µmol) 
AIBN (µmol) 

Monomer 
(mmol) 

P1 41.1 3.4 1.5 112.7 20.7 4.1 

P2 5.1 1.4 0.5 14.0 8.5 1.4 

P3 17.0 2.8 1.0 46.6 17.1 2.7 

P4 19.7 3.3 1.0 54.0 20.1 2.7 

P5 18.7 2.2 1.0 58.9 13.4 2.7 

P6 20.0 2.2 1.0 57.1 13.4 2.7 

P7 20.0 2.2 1.0 54.8 13.4 2.7 

P8 20.0 2.2 1.0 54.8 13.4 2.7 

P9 5.6 1.4 0.5 15.4 8.5 1.4 

P10 10.0 0.45 1.0 27.4 2.7 2.7 

P11 25.6 4.4 3.0 70.2 26.8 8.2 

P12 7.5 1.13 1.0 20.6 6.9 2.7 

P13 31.3 5.7 4.5 85.8 34.7 12.3 

P14 20.0 2.2 3.0 54.8 13.4 8.2 

P15 10.0 2.2 2.0 27.4 13.4 5.4 

P16 - 2.2 2.0 - 13.4 5.4 

P17 10.0 2.2 2.0 27.4 13.4 5.4 

P18 5.0 1.1 1.0 13.7 6.7 2.7 

P19 5.0 1.1 1.0 13.7 6.7 2.7 

P20 5.0 1.1 2.0 13.7 6.7 5.4 

 

All 1H-NMR spectra of the polymers that have been mentioned in this chapter are shown in 

in the following section. The spectra for P1 to P3 are showing high significant peaks from the 

monomer, because at the beginning of these polymerizations the crude product was purified 

via precipitation in methanol. This technique was not as effective as purification via column.  
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Fig. 69: 
1
H-NMR (250 MHz, in CDCl3)  spectrum of P1 (after 24 h). 

 

Fig. 70:  
1
H-NMR (250 MHz, in CDCl3)  spectrum of P1 (after 48 h). 
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Fig. 71:  
1
H-NMR (250 MHz, in CD2Cl2)  spectrum of P2. 

 

Fig. 72: 
1
H-NMR (250 MHz, in CDCl3)  spectrum of P3. 
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Fig. 73: 
1
H-NMR (250 MHz, in CDCl3)  spectrum of P4 (after 24 h). 

 

 

Fig. 74: 
1
H-NMR (250 MHz, in CDCl3)  spectrum of P4 (after 48 h). 
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Fig. 75: 
1
H-NMR (250 MHz, in CDCl3)  spectrum of P5 (after 24 h). 

 

Fig. 76: 
1
H-NMR (250 MHz, in CDCl3)  spectrum of P5 (after 48 h). 
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Fig. 77: 
1
H-NMR (250 MHz, in CDCl3)  spectrum of P6. 

 

Fig. 78: 
1
H-NMR (250 MHz, in CDCl3)  spectrum of P7. 
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Fig. 79: 
1
H-NMR (250 MHz, in CDCl3)  spectrum of P8. 

 

Fig. 80: 
1
H-NMR (250 MHz, in CDCl3)  spectrum of P9. 
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Fig. 81: 
1
H-NMR (250 MHz, in CDCl3)  spectrum of P10. 

 

Fig. 82: 
1
H-NMR (250 MHz, in CDCl3)  spectrum of P11. 
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Fig. 83: 
1
H-NMR (250 MHz, in CDCl3)  spectrum of P12 (after 24 h). 

 

Fig. 84: 
1
H-NMR (250 MHz, in CDCl3)  spectrum of P12 (after 48 h). 
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Fig. 85: 
1
H-NMR (250 MHz, in CDCl3)  spectrum of P13 (after 24 h). 

 

Fig. 86: 
1
H-NMR (250 MHz, in CDCl3)  spectrum of P13 (after 48 h). 
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Fig. 87: 
1
H-NMR (250 MHz, in CDCl3)  spectrum of P14 (after 24 h). 

 

Fig. 88: 
1
H-NMR (250 MHz, in CDCl3)  spectrum of P14 (after 48 h). 
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Fig. 89: 
1
H-NMR (250 MHz, in CDCl3)  spectrum of P15 (after 24 h). 

 

Fig. 90: 
1
H-NMR (250 MHz, in CDCl3)  spectrum of P15 (after 48 h). 
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Fig. 91: 
1
H-NMR (250 MHz, in CDCl3)  spectrum of P16 (after 24 h). 

 

Fig. 92: 
1
H-NMR (250 MHz, in CDCl3)  spectrum of P16 (after 48 h). 
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Fig. 93: 
1
H-NMR (250 MHz, in CDCl3) spectrum of P17. 

 

Fig. 94: 
1
H-NMR (250 MHz, in CDCl3)  spectrum of P18. 
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Fig. 95: 
1
H-NMR (250 MHz, in CDCl3)  spectrum of P19 (after 24 h). 

 

Fig. 96: 
1
H-NMR (250 MHz, in CDCl3)  spectrum of P19 (after 48 h). 
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Fig. 97: 
1
H-NMR (250 MHz, in CDCl3)  spectrum of P20 (after 24 h). 

 

Fig. 98: 
1
H-NMR (250 MHz, in CDCl3)  spectrum of P20 (after 48 h). 
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4.3.2.1  GPC Spectra of PmethAzo 11 

 

The next part of this chapter will show the GPC spectra of P1 to P20. The concentration of 

the polymer was sometimes too high for the UV detector (red curve). Then only the 

refractive index detector (RID) was applied (black curve).   

 

 

Fig. 99: GPC spectrum of P1 (after 24 h) for analysis of the molecular weight.  UV detector: MN = 3.8*10
3
 g/mol,                  

MW = 4.5 *10
3
 g/mol,  PDI = 1.16  and  RID:  MN = 3.9*10

3
 g/ MW = 4.5 *10

3
 g/mol,  PDI = 1.14  

Fig. 100: GPC spectrum of P1 (after 48 h)  for analysis of the molecular weight.  UV detector: MN = 3.3*10
3
 

g/mol, MW = 3.8 *10
3
 g/mol,  PDI = 1.15  and  RID:  MN = 3.3*10

3
 g/ MW = 3.8 *10

3
 g/mol,  PDI = 1.15   
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Fig. 101: GPC spectrum of P2 for analysis of the molecular weight.  UV detector: MN = 4.1*10
3
 g/mol,                  

MW = 4.8 *10
3
 g/mol,  PDI = 1.18  and  RID:  MN = 4.1*10

3
 g/ MW = 4.8 *10

3
 g/mol,  PDI = 1.18 

 

Fig. 102: GPC spectrum of P3 for analysis of the molecular weight.  RID:  MN = 6.1*10
3
 g/ MW = 7.7 *10

3
 g/mol,  

PDI = 1.26 



 

79 
 

 

Fig. 103: GPC spectrum of P4 (after 24 h)  for analysis of the molecular weight.  UV detector: MN = 3.6*10
3
 

g/mol, MW = 4.5 *10
3
 g/mol, PDI = 1.25  and  RID:  MN = 3.6*10

3
 g/mol, MW = 4.5 *10

3
 g/mol,  PDI = 1.28 

 

Fig. 104: GPC spectrum of P4 (after 48 h)  for analysis of the molecular weight.  RID:  MN = 3.8*10
3
 g/mol,       

MW = 4.9 *10
3
 g/mol,  PDI = 1.27 
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Fig. 105: GPC spectrum of P5 (after 24 h)  for analysis of the molecular weight.  RID:  MN = 2.5*10
3
 g/mol,       

MW = 3.2 *10
3
 g/mol,  PDI = 1.26 

 

 

 

Fig. 106: GPC spectrum of P5 (after 48 h)  for analysis of the molecular weight.  RID:  MN = 3.1*10
3
 g/mol,       

MW = 3.9 *10
3
 g/mol,  PDI = 1.26 
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Fig. 107: GPC spectrum of P6 for analysis of the molecular weight. RID: MN = 2.4*10
3
 g/mol                               

MW = 3.1 *10
3
 g/mol,  PDI = 1.29 

 

Fig. 108: GPC spectrum of P7 for analysis of the molecular weight.  UV detector: MN = 1.0*10
3
 g/mol,               

MW = 1.2 *10
3
 g/mol, PDI = 1.29 and RID:  MN = 1.0*10

3
 g/mol, MW = 1.3 *10

3
 g/mol,  PDI = 1.24 

 



 

82 
 

 

Fig. 109: GPC spectrum of P8 for analysis of the molecular weight.  UV detector: MN = 3.1*10
3
 g/mol,               

MW = 4.6*10
3
 g/mol, PDI = 1.47 

 

Fig. 110: GPC spectrum of P9 for analysis of the molecular weight.  RID:  MN = 4.5*10
3
 g/ MW = 5.9 *10

3
 g/mol,  

PDI = 1.32 
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Fig. 111: GPC spectrum of P10 for analysis of the molecular weight.  UV detector: MN = 2.7*10
3
 g/mol,               

MW = 3.6*10
3
 g/mol, PDI = 1.34 

 

Fig. 112: GPC spectrum of P11 for analysis of the molecular weight.  UV detector: MN = 5.3*10
3
 g/mol,               

MW = 7.0 *10
3
 g/mol, PDI = 1.33 and RID:  MN = 4.4*10

3
 g/mol, MW = 7.2 *10

3
 g/mol,  PDI = 1.63 
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Fig. 113: GPC spectrum of P12 (after 24 h)  for analysis of the molecular weight.  UV detector: MN = 2.9*10
3
 

g/mol,  MW = 7.3*10
3
 g/mol, PDI = 2.52 and RID:  MN = 4.4*10

3
 g/mol, MW = 7.2 *10

3
 g/mol,  PDI = 1.63 

 

 

Fig. 114: GPC spectrum of P12 (after 48 h) for analysis of the molecular weight.  UV detector: MN = 3.2*10
3
 

g/mol, MW = 5.6*10
3
 g/mol, PDI = 1.78 and RID:  MN = 2.1*10

3
 g/mol, MW = 5.5 *10

3
 g/mol,  PDI = 1.79 
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Fig. 115: GPC spectrum of P13 (after 72 h) for analysis of the molecular weight.  UV detector: MN = 3.3*10
3
 

g/mol,  MW = 4.8*10
3
 g/mol, PDI = 1.47 and RID:  MN = 3.2*10

3
 g/mol, MW = 4.8*10

3
 g/mol,  PDI = 1.49 

 

 

Fig. 116: GPC spectrum of P13 (after 144 h) for analysis of the molecular weight.  UV detector: MN = 4.0*10
3
 

g/mol, MW = 5.6*10
3
 g/mol, PDI = 1.4 and RID:  MN = 4.0*10

3
 g/mol, MW = 5.6 *10

3
 g/mol,  PDI = 1.39 
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Fig. 117: GPC spectrum of P14 (after 24 h) for analysis of the molecular weight.  RID:  MN = 2.4*10
3
 g/mol,   

MW = 3.5*10
3
 g/mol,  PDI = 1.4 

 

 

Fig. 118: GPC spectrum of P14 (after 48 h) for analysis of the molecular weight.  RID:  MN = 4.9*10
3
 g/mol,    

MW = 6.6 *10
3
 g/mol,  PDI = 1.36 
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Fig. 119: GPC spectrum of P15 (after 24 h) for analysis of the molecular weight.  UV detector: MN = 3.7*10
3
 

g/mol, MW = 5.8*10
3
 g/mol, PDI = 1.55 and RID:  MN = 3.7*10

3
 g/mol, MW = 5.7 *10

3
 g/mol,  PDI = 1.53 

 

Fig. 120: GPC spectrum of P15 (after 48 h) for analysis of the molecular weight.  UV detector: MN = 4.5*10
3
 

g/mol, MW = 6.9*10
3
 g/mol, PDI = 1.54 and RID:  MN = 4.6*10

3
 g/mol, MW = 7.5 *10

3
 g/mol,  PDI = 1.64 
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Fig. 121: GPC spectrum of P16 (after 24 h) for analysis of the molecular weight.  UV detector: MN = 5.6*10
3
 

g/mol, MW = 9.1*10
3
 g/mol, PDI = 1.62 and RID:  MN = 5.9*10

3
 g/mol, MW = 9.5 *10

3
 g/mol,  PDI = 1.60 

 

 

Fig. 122: GPC spectrum of P16 (after 48 h) for analysis of the molecular weight.  UV detector: MN = 8.2*10
3
 

g/mol, MW = 12.1*10
3
 g/mol, PDI = 1.47 and RID:  MN = 7.9*10

3
 g/mol, MW = 12.9 *10

3
 g/mol,  PDI = 1.64 
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Fig. 123: GPC spectrum of P17 for analysis of the molecular weight.  UV detector: MN = 4.2*10
3
 g/mol, MW = 

7.0*10
3
 g/mol, PDI = 1.69   

 

Fig. 124: GPC spectrum of P18 for analysis of the molecular weight.  UV detector: MN = 2.0*10
3
 g/mol, MW = 

6.5*10
3
 g/mol, PDI = 2.17 and RID:  MN = 2.9*10

3
 g/mol, MW = 6.29 *10

3
 g/mol,  PDI = 2.13 
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Fig. 125: GPC spectrum of P19 (after 24 h) for analysis of the molecular weight.  RID:  MN = 6.2*10
3
 g/mol, MW 

= 8.9 *10
3
 g/mol,  PDI = 1.45 

 

Fig. 126: GPC spectrum of P19 (after 48 h) for analysis of the molecular weight.  RID:  MN = 6.4*10
3
 g/mol, MW 

= 9.2 *10
3
 g/mol,  PDI = 1.43 
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Fig. 127: GPC spectrum of P20 (after 24 h) for analysis of the molecular weight.  RID:  MN = 3.4*10
3
 g/mol, MW 

= 5.3 *10
3
 g/mol,  PDI = 1.57 

 

Fig. 128: GPC spectrum of P20 (after 48 h) for analysis of the molecular weight.  RID:  MN = 3.2*10
3
 g/mol, MW 

= 5.3 *10
3
 g/mol,  PDI = 1.65 
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4.3.3  General ATRP Procedure for the synthesis of PbAzo 21, PtAzo 22 and PhAzo 23 

ATRP was done by a general procedure[32] and differences are mentioned in chapter 3.4 and 

3.6. The amount of substance was always the same for all ATRPs and is shown in Table 3 

(chapter 3.4).  A Schlenk tube (25 mL) with a stirring bar was filled with MBPA 24, CuBr2 25, 

PMDETA 26 and a copper wire.  The copper wire was 5 cm long and was wrapped around the 

stirring bar. It was also preactivated by stirring the wire in conc. hydrochloric acid (HCl) for 

30 minutes. Similar to RAFT polymerization, the reaction mixture was degassed using 3 FTP 

cycles and then the tube was inserted into a preheated oil bath. But contrary to RAFT, the 

tube was always filled with argon after it was evacuated, and the reaction was proceeded 

under argon atmosphere. The reaction temperature and purification technique was the 

same as for RAFT polymerizations.  

4.3.4   1H-NMR Spectra of PbAzo 21, PtAzo 22 and PhAzo 23 

This chapter will show the 1H-NMR spectra of Poly-6-(4-((4-butylphenyl)diazenyl)- 
phenoxy)hexyl acrylate  PbAzo 21,  Poly-6-(4-((4-(tert-butyl)phenyl)diazenyl)phenoxy)hexyl 
acrylate PtAzo 22  and  Poly-6-(4-((4-(hexadecyl)phenyl)diazenyl)phenoxy)hexyl acrylate 
PhAzo 23. 

 

Fig. 129: 
1
H-NMR (250 MHz, in CDCl3)  spectrum of PbAzo P21. 
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Fig. 130: 
1
H-NMR (250 MHz, in CDCl3)  spectrum of PbAzo  P22 (after 24 h). 

 

Fig. 131: 
1
H-NMR (250 MHz, in CDCl3)  spectrum of PbAzo P22 (after 47 h). 



 

94 
 

 

 

Fig. 132: 
1
H-NMR (250 MHz, in CDCl3)  spectrum of PbAzo P23. 

 

Fig. 133: 
1
H-NMR (250 MHz, in CDCl3)  spectrum of PbAzo P24. 
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Fig. 134: 
1
H-NMR (250 MHz, in CDCl3)  spectrum of PbAzo P25. 

 

Fig. 135:
 1

H-NMR (250 MHz, in CDCl3) spectrum of PtAzo P26.   
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Fig. 136:
 1

H-NMR (250 MHz, in CDCl3) spectrum of PhAzo P27.   

 

Fig. 137:
 1

H-NMR (250 MHz, in CDCl3) spectrum of PtAzo P28.   
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4.3.5  GPC Spectra of PbAzo 21, PtAzo 22 and PhAzo 23 

The following part will show the GPC spectra of P21 to P28. Again, when no detection via UV 

detector (red curve) is shown, then the concentration of the polymer was too high and only 

the refractive index detector (RID) was applied (black curve).   

 

Fig. 138: GPC spectrum of P21 for analysis of the molecular weight.  UV detector: MN = 15.0*10
3
 g/mol, MW = 22.3*10

3
 

g/mol, PDI = 1.51 and RID:  MN = 14.1*10
3
 g/mol, MW = 22.5 *10

3
 g/mol, PDI = 1.60 

 

Fig. 139: GPC spectrum of P22 (after 24 h) for analysis of the molecular weight.  UV detector: MN = 12.5*10
3
 g/mol, MW = 

17.7*10
3
 g/mol, PDI = 1.42 and RID:  MN = 13.0*10

3
 g/mol, MW = 18.0 *10

3
 g/mol, PDI = 1.38 
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Fig. 140: GPC spectrum of P22 (after 47 h) for analysis of the molecular weight.  UV detector: MN = 14.7*10
3
 g/mol, MW = 

19.7*10
3
 g/mol, PDI = 1.34 and RID:  MN = 13.6*10

3
 g/mol, MW = 19.7 *10

3
 g/mol, PDI = 1.43 

 

Fig. 141: GPC spectrum of P23 for analysis of the molecular weight.  UV detector: MN = 11.6*10
3
 g/mol, MW = 15.7*10

3
 

g/mol, PDI = 1.36 and RID:  MN = 10.9*10
3
 g/mol, MW = 15.7 *10

3
 g/mol, PDI = 1.44 
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Fig. 142: GPC spectrum of P24 for analysis of the molecular weight.  UV detector: MN = 11.9*10

3
 g/mol, MW = 17.2*10

3
 

g/mol, PDI = 1.44 and RID:  MN = 11.5*10
3
 g/mol, MW = 17.1 *10

3
 g/mol, PDI = 1.49 

 

Fig. 143: GPC spectrum of P25 for analysis of the molecular weight.  RID:  MN = 14.9*10
3
 g/mol, MW = 20.9 *10

3
 g/mol,  

PDI = 1.40 
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Fig. 144: GPC spectrum of P26 for analysis of the molecular weight.  RID:  MN = 8.5*10
3
 g/mol, MW = 13.2 *10

3
 g/mol,    

PDI = 1.56 

 

Fig. 145: GPC spectrum of P27 for analysis of the molecular weight.  UV detector: MN = 16.1*10
3
 g/mol, MW = 22.9*10

3
 

g/mol, PDI = 1.42 and RID:  MN = 16.3*10
3
 g/mol, MW = 23.1 *10

3
 g/mol, PDI = 1.42 
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Fig. 146: GPC spectrum of P28 for analysis of the molecular weight.  UV detector: MN = 21.5*10
3
 g/mol, MW = 33.3*10

3
 

g/mol, PDI = 1.55 and RID:  MN = 23.1*10
3
 g/mol, MW = 34.1 *10

3
 g/mol, PDI = 1.48 

 

4.3.6  TGA Spectra of PbAzo 21, PtAzo 22 and PhAzo 23 

 

Fig. 147: TGA spectrum of P25 
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Fig. 148: TGA spectrum of P26 

 

Fig. 149: TGA spectrum of P27 
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5.  Summary and Outlook 

 

Stimuli-responsive polymers are promising materials which can improve our way of live. 

They react to external stimuli such as light by a specific change of their physical and/or 

chemical property. Therefore, photoswitchable azobenzene containing polymers were 

synthesized in this work. Light irradiation can control the reversible trans to cis isomerization 

of these polymers and therefore their properties like the glass transition temperature (Tg). 

Many properties like the Tg depend on molecular weight, so it is advantageous to have a 

synthetic control over this value. Thus, reversible addition fragmentation chain transfer 

(RAFT) polymerization and atom transfer radical polymerization (ATRP), both types of 

controlled radical polymerization (CRP), were used to get control over the molecular weight. 

In the first part of this work, the synthesis of a well-known monomer and its RAFT 

polymerization will be analyzed.   

The second part is about the synthesis of some new monomers and their polymerization via 

ATRP. The monomers and polymers were characterized via gel permeation chromatography 

(GPC), mass spectrometry (MS) and nuclear magnetic resonance (NMR) spectroscopy giving 

values for the molecular weight, polydispersity index (PDI) or monomer conversion.   

At the end, the photoisomerization behavior of these polymers was analyzed and compared 

using UV-Vis-NIR spectroscopy and NMR spectroscopy. It was observable that the polymers 

are photoswitchable and the excess of isomerization depends on the substituents of the azo 

group. 

In the future it would be very interesting to analyze the mechanical properties of these new 

azopolymers via DSC, because a difference of the polymers was visible even with the bare 

eye. Therefore, other new monomers could be synthesized with even longer chains or more 

complicated substituents. The effect of an increased or decreased molecular weight can be 

investigated, since a higher MN is often accompanied by a higher Tg and this could increase 

the application field. Also, it would be of course interesting to spin coat some films and 

investigate their behavior. 
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Fig. 91: 1H-NMR (250 MHz, in CDCl3)  spectrum of P16 (after 24 h). 73 

Fig. 92: 1H-NMR (250 MHz, in CDCl3)  spectrum of P16 (after 48 h). 73 

Fig. 93: 1H-NMR (250 MHz, in CDCl3) spectrum of P17. 74 
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Fig. 94: 1H-NMR (250 MHz, in CDCl3)  spectrum of P18. 74 

Fig. 95: 1H-NMR (250 MHz, in CDCl3)  spectrum of P19 (after 24 h). 75 

Fig. 96: 1H-NMR (250 MHz, in CDCl3)  spectrum of P19 (after 48 h). 75 

Fig. 97: 1H-NMR (250 MHz, in CDCl3)  spectrum of P20 (after 24 h). 76 

Fig. 98: 1H-NMR (250 MHz, in CDCl3)  spectrum of P20 (after 48 h). 76 

Fig. 99: GPC spectrum of P1 (after 24 h) for analysis of the molecular weight.  UV detector: MN = 

3.8*103 g/mol,   MW = 4.5 *103 g/mol,  PDI = 1.16  and  RID:  MN = 3.9*103 g/ MW = 4.5 *103 g/mol,  

PDI = 1.14 77 

Fig. 100: GPC spectrum of P1 (after 48 h)  for analysis of the molecular weight.  UV detector: MN = 

3.3*103 g/mol, MW = 3.8 *103 g/mol,  PDI = 1.15  and  RID:  MN = 3.3*103 g/ MW = 3.8 *103 g/mol,  PDI 

= 1.15 77 

Fig. 101: GPC spectrum of P2 for analysis of the molecular weight.  UV detector: MN = 4.1*103 g/mol,                  

MW = 4.8 *103 g/mol,  PDI = 1.18  and  RID:  MN = 4.1*103 g/ MW = 4.8 *103 g/mol,  PDI = 1.18 78 

Fig. 102: GPC spectrum of P3 for analysis of the molecular weight.  RID:  MN = 6.1*103 g/ MW = 7.7 

*103 g/mol,  PDI = 1.26 78 

Fig. 103: GPC spectrum of P4 (after 24 h)  for analysis of the molecular weight.  UV detector: MN = 

3.6*103 g/mol, MW = 4.5 *103 g/mol, PDI = 1.25  and  RID:  MN = 3.6*103 g/mol, MW = 4.5 *103 g/mol,  

PDI = 1.28 79 

Fig. 104: GPC spectrum of P4 (after 48 h)  for analysis of the molecular weight.  RID:  MN = 3.8*103 

g/mol,       MW = 4.9 *103 g/mol,  PDI = 1.27 79 

Fig. 105: GPC spectrum of P5 (after 24 h)  for analysis of the molecular weight.  RID:  MN = 2.5*103 

g/mol,       MW = 3.2 *103 g/mol,  PDI = 1.26 80 

Fig. 106: GPC spectrum of P5 (after 48 h)  for analysis of the molecular weight.  RID:  MN = 3.1*103 

g/mol,       MW = 3.9 *103 g/mol,  PDI = 1.26 80 

Fig. 107: GPC spectrum of P6 for analysis of the molecular weight. RID: MN = 2.4*103 g/mol                               

MW = 3.1 *103 g/mol,  PDI = 1.29 81 

Fig. 108: GPC spectrum of P7 for analysis of the molecular weight.  UV detector: MN = 1.0*103 g/mol,               

MW = 1.2 *103 g/mol, PDI = 1.29 and RID:  MN = 1.0*103 g/mol, MW = 1.3 *103 g/mol,  PDI = 1.24 81 

Fig. 109: GPC spectrum of P8 for analysis of the molecular weight.  UV detector: MN = 3.1*103 g/mol,               

MW = 4.6*103 g/mol, PDI = 1.47 82 

Fig. 110: GPC spectrum of P9 for analysis of the molecular weight.  RID:  MN = 4.5*103 g/ MW = 5.9 

*103 g/mol,  PDI = 1.32 82 

Fig. 111: GPC spectrum of P10 for analysis of the molecular weight.  UV detector: MN = 2.7*103 

g/mol,               MW = 3.6*103 g/mol, PDI = 1.34 83 

Fig. 112: GPC spectrum of P11 for analysis of the molecular weight.  UV detector: MN = 5.3*103 

g/mol,               MW = 7.0 *103 g/mol, PDI = 1.33 and RID:  MN = 4.4*103 g/mol, MW = 7.2 *103 g/mol,  

PDI = 1.63 83 

Fig. 113: GPC spectrum of P12 (after 24 h)  for analysis of the molecular weight.  UV detector: MN = 

2.9*103 g/mol,  MW = 7.3*103 g/mol, PDI = 2.52 and RID:  MN = 4.4*103 g/mol, MW = 7.2 *103 g/mol,  

PDI = 1.63 84 

Fig. 114: GPC spectrum of P12 (after 48 h) for analysis of the molecular weight.  UV detector: MN = 

3.2*103 g/mol, MW = 5.6*103 g/mol, PDI = 1.78 and RID:  MN = 2.1*103 g/mol, MW = 5.5 *103 g/mol,  

PDI = 1.79 84 

Fig. 115: GPC spectrum of P13 (after 72 h) for analysis of the molecular weight.  UV detector: MN = 

3.3*103 g/mol,  MW = 4.8*103 g/mol, PDI = 1.47 and RID:  MN = 3.2*103 g/mol, MW = 4.8*103 g/mol,  

PDI = 1.49 85 
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Fig. 116: GPC spectrum of P13 (after 144 h) for analysis of the molecular weight.  UV detector: MN = 

4.0*103 g/mol, MW = 5.6*103 g/mol, PDI = 1.4 and RID:  MN = 4.0*103 g/mol, MW = 5.6 *103 g/mol,  

PDI = 1.39 85 

Fig. 117: GPC spectrum of P14 (after 24 h) for analysis of the molecular weight.  RID:  MN = 2.4*103 

g/mol,   MW = 3.5*103 g/mol,  PDI = 1.4 86 

Fig. 118: GPC spectrum of P14 (after 48 h) for analysis of the molecular weight.  RID:  MN = 4.9*103 

g/mol,    MW = 6.6 *103 g/mol,  PDI = 1.36 86 

Fig. 119: GPC spectrum of P15 (after 24 h) for analysis of the molecular weight.  UV detector: MN = 

3.7*103 g/mol, MW = 5.8*103 g/mol, PDI = 1.55 and RID:  MN = 3.7*103 g/mol, MW = 5.7 *103 g/mol,  

PDI = 1.53 87 

Fig. 120: GPC spectrum of P15 (after 48 h) for analysis of the molecular weight.  UV detector: MN = 

4.5*103 g/mol, MW = 6.9*103 g/mol, PDI = 1.54 and RID:  MN = 4.6*103 g/mol, MW = 7.5 *103 g/mol,  

PDI = 1.64 87 

Fig. 121: GPC spectrum of P16 (after 24 h) for analysis of the molecular weight.  UV detector: MN = 

5.6*103 g/mol, MW = 9.1*103 g/mol, PDI = 1.62 and RID:  MN = 5.9*103 g/mol, MW = 9.5 *103 g/mol,  

PDI = 1.60 88 

Fig. 122: GPC spectrum of P16 (after 48 h) for analysis of the molecular weight.  UV detector: MN = 

8.2*103 g/mol, MW = 12.1*103 g/mol, PDI = 1.47 and RID:  MN = 7.9*103 g/mol, MW = 12.9 *103 g/mol,  

PDI = 1.64 88 

Fig. 123: GPC spectrum of P17 for analysis of the molecular weight.  UV detector: MN = 4.2*103 

g/mol, MW = 7.0*103 g/mol, PDI = 1.69 89 

Fig. 124: GPC spectrum of P18 for analysis of the molecular weight.  UV detector: MN = 2.0*103 

g/mol, MW = 6.5*103 g/mol, PDI = 2.17 and RID:  MN = 2.9*103 g/mol, MW = 6.29 *103 g/mol,  PDI = 

2.13 89 

Fig. 125: GPC spectrum of P19 (after 24 h) for analysis of the molecular weight.  RID:  MN = 6.2*103 

g/mol, MW = 8.9 *103 g/mol,  PDI = 1.45 90 

Fig. 126: GPC spectrum of P19 (after 48 h) for analysis of the molecular weight.  RID:  MN = 6.4*103 

g/mol, MW = 9.2 *103 g/mol,  PDI = 1.43 90 

Fig. 127: GPC spectrum of P20 (after 24 h) for analysis of the molecular weight.  RID:  MN = 3.4*103 

g/mol, MW = 5.3 *103 g/mol,  PDI = 1.57 91 

Fig. 128: GPC spectrum of P20 (after 48 h) for analysis of the molecular weight.  RID:  MN = 3.2*103 

g/mol, MW = 5.3 *103 g/mol,  PDI = 1.65 91 

Fig. 129: 1H-NMR (250 MHz, in CDCl3)  spectrum of PbAzo P21. 92 

Fig. 130: 1H-NMR (250 MHz, in CDCl3)  spectrum of PbAzo  P22 (after 24 h). 93 

Fig. 131: 1H-NMR (250 MHz, in CDCl3)  spectrum of PbAzo P22 (after 47 h). 93 

Fig. 132: 1H-NMR (250 MHz, in CDCl3)  spectrum of PbAzo P23. 94 

Fig. 133: 1H-NMR (250 MHz, in CDCl3)  spectrum of PbAzo P24. 94 

Fig. 134: 1H-NMR (250 MHz, in CDCl3)  spectrum of PbAzo P25. 95 

Fig. 135: 1H-NMR (250 MHz, in CDCl3) spectrum of PtAzo P26. 95 

Fig. 136: 1H-NMR (250 MHz, in CDCl3) spectrum of PhAzo P27. 96 

Fig. 137: 1H-NMR (250 MHz, in CDCl3) spectrum of PtAzo P28. 96 

Fig. 138: GPC spectrum of P21 for analysis of the molecular weight.  UV detector: MN = 15.0*103 

g/mol, MW = 22.3*103 g/mol, PDI = 1.51 and RID:  MN = 14.1*103 g/mol, MW = 22.5 *103 g/mol, PDI = 

1.60 97 
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Fig. 139: GPC spectrum of P22 (after 24 h) for analysis of the molecular weight.  UV detector: MN = 

12.5*103 g/mol, MW = 17.7*103 g/mol, PDI = 1.42 and RID:  MN = 13.0*103 g/mol, MW = 18.0 *103 

g/mol, PDI = 1.38 97 

Fig. 140: GPC spectrum of P22 (after 47 h) for analysis of the molecular weight.  UV detector: MN = 

14.7*103 g/mol, MW = 19.7*103 g/mol, PDI = 1.34 and RID:  MN = 13.6*103 g/mol, MW = 19.7 *103 

g/mol, PDI = 1.43 98 

Fig. 141: GPC spectrum of P23 for analysis of the molecular weight.  UV detector: MN = 11.6*103 

g/mol, MW = 15.7*103 g/mol, PDI = 1.36 and RID:  MN = 10.9*103 g/mol, MW = 15.7 *103 g/mol, PDI = 

1.44 98 

Fig. 142: GPC spectrum of P24 for analysis of the molecular weight.  UV detector: MN = 11.9*103 

g/mol, MW = 17.2*103 g/mol, PDI = 1.44 and RID:  MN = 11.5*103 g/mol, MW = 17.1 *103 g/mol, PDI = 

1.49 99 

Fig. 143: GPC spectrum of P25 for analysis of the molecular weight.  RID:  MN = 14.9*103 g/mol, MW = 

20.9 *103 g/mol,  PDI = 1.40 99 

Fig. 144: GPC spectrum of P26 for analysis of the molecular weight.  RID:  MN = 8.5*103 g/mol, MW = 

13.2 *103 g/mol,    PDI = 1.56 100 

Fig. 145: GPC spectrum of P27 for analysis of the molecular weight.  UV detector: MN = 16.1*103 

g/mol, MW = 22.9*103 g/mol, PDI = 1.42 and RID:  MN = 16.3*103 g/mol, MW = 23.1 *103 g/mol, PDI = 

1.42 100 

Fig. 146: GPC spectrum of P28 for analysis of the molecular weight.  UV detector: MN = 21.5*103 

g/mol, MW = 33.3*103 g/mol, PDI = 1.55 and RID:  MN = 23.1*103 g/mol, MW = 34.1 *103 g/mol, PDI = 

1.48 101 

Fig. 147: TGA spectrum of P25 101 

Fig. 148: TGA spectrum of P26 102 

Fig. 149: TGA spectrum of P27 102 
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8  List of Abbreviations 
 

AIBN    2,2’-azobisisobutyronitrile 

ATRP   atom-transfer radical-polymerization 

azo   azobenzene    

BPO   benzoyl peroxide 

CD2Cl2   deuterated dichloromethane 

CDCl3   deuterated chloroform 

CPBD   2-cyano-2-propyl benzodithioate 

CRP   controlled radical polymerization 

Cu   cupper 

DCM   dichloromethane 

DDMAT  2-(dodecylthiocarbonothioylthio)-2-methylpropionic acid 

DMF   N,N-dimethylformamide 

DoPAT   2-(dodecylthiocarbonothioylthio)propionic acid 

DSC   differential scanning calorimetry 

DP   degree of polymerization 

FRP   free radical polymerization 

FTP   freeze-thaw-pump 

GPC   gel permeation chromatography 

H   hydrogen 

[I]      initiator concentration 

[I0]      initial initiator concentration 

LAM   less activated monomers 

LC   liquid crystal 

LED   light-emitting diode 



 

113 
 

[M]   monomer concentration 

[M0]   initial monomerconcentration 

m/z   mass-to-charge ratio 

MAM   more activated monomers 

MBPA   methyl α-bromophenylacetate 

MN   number-averaged molecular weight 

MS   mass spectrometry 

Mw   weight-averaged molecular weight 

NIR   near infrared 

NMR   nuclear magnetic resonance 

[P∙]     concentration of an active polymer chain 

PbAzo   poly-6-(4-((4-butylphenyl)diazenyl)- phenoxy)hexyl acrylate 

PDI   polydispersity index  

PhAzo   poly-6-(4-((4-(hexadecyl)phenyl)diazenyl)phenoxy)hexyl acrylate 

PmethAzo  poly-6-(4-(p-tolyldiazenyl)phenoxy)hexyl acrylate 

PMDETA  N,N,N′,N′′,N′′- pentamethyldiethylenetriamine 

PMMA   polymethylmethacrylate 

PS   polystyrol 

PtAzo   poly-6-(4-((4-(tert-butyl)phenyl)diazenyl)phenoxy)hexyl acrylate 

RAFT    reversible addition-fragmentation chain transfer 

RID   refractive index detector 

RT   room temperature 

SARA   supplemental activator and reducing agent  

T   transfer agent 

Tg   glass transition temperature 

TGA   thermogravimetric analysis 
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THF   tetrahydrofuran 

UV   ultraviolet 

Vis   visible 
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