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ABSTRACT 

Crystallization process in polymers is a more complex phenomenon that is associated with molecular 

reorganization at different time and length scales. The process is affected by several factors such as 

molecular weight, chain flexibility, chain defects, stereo-regularity and experimental conditions like 

temperature, pressure, nucleating agents, and stress. This in return affects the crystal growth and 

subsequently affects the morphology and thus, like the physical properties of the semi-crystalline 

polymer. The crystallization process becomes even more complicated when dealing with copolymers and 

block copolymers, as here the polymer melt is influenced by sequences of varying length, such as a 

second amorphous block introduced onto the crystallizable chain, branches or even defects. In this thesis 

the crystallization of polymers with precise defects, located within the melt crystal are addressed. Thus 

azobenzene polymers with an azo-group as defect were synthesized. Furthermore, supramolecular block 

copolymer comprised of a crystallizable poly(Ɛ-caprolactone) (PCL)-block and an amorphous poly(styrene) 

(PS)-block were synthesized to study their crystallization from the melt or study their self-assembly in 

solution. 

For the crystallization studies of the supramolecular block copolymers, different polymers were prepared 

via a combination of ring opening polymerization (synthesis of PCL) and atom transfer radical 

polymerization (synthesis of PS). The two homopolymers were connected to each other via triple 

hydrogen bond between thymine functionalized PCL and 2,4-diaminotriazine functionalized to the  

second  PS-block. The purity of the synthesized samples was proven via NMR, MALDI TOF MS, IR, and GPC. 

The investigations of the crystallization studies via DSC and SAXS showed a strong decrease of the 

crystallization temperature and the rate of crystallization. Additionally, fractionated crystallization was 

observed in some of the PCL-PS block copolymers indicating a strong constraining effect. 

Furthermore, the azobenzene functionalized polymers were obtained via the synthesis of PCL and 

subsequent modification via alkyne/azide click-reaction with azobenzene moieties. The synthesis via 

acyclic diene metathesis polymerization (ADMET) was also performed to obtain azobenzene-copolymers 

with precise azo defects, located within a polyethylene-like alkyl chain. The purity of the synthesized 

samples was proven via NMR, 2D-COSY NMR, MALDI-ToF MS, ESI-Tof MS, GPC, an online coupling of HPLC 

and GPC (2D-HPLC/GPC). Crystallization studies via DSC and WAXS for the ADMET azobenzene-

copolymers showed that the azobenzene defects had a remarkable influence on the polymer melt 

morphology. Azobenzene units were included in the crystal phase, leading to a high melting point. 

Additionally, switching dynamics of the azobenzene-copolymers were investigated in solution. Trans to cis 

switching stability of the polymers were also investigated, proving that, fluorinated atoms on the 

azobenzene chromophore increased the lifetime of the switched cis structures with an estimated time 

constant of 164 min (k = 1/ τ = 1.02 x 10-4 s-1). 
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OUTLINE OF THE THESIS 

The first section of the thesis consists of a general introduction of concepts of block copolymers, 

copolymer crystallization, and synthesis of azobenzene photochromic molecules in polymers. This part 

focuses on the role of defects, amorphous block units on the crystalline lamellar structures of polymers 

and in defining their thermal stability. Starting from the very early investigations on copolymer 

crystallization, we will focus on the advancement of the crystallization studies by explaining some 

proposed models in copolymer crystallization, examples of included and excluded defect polymer systems 

and block copolymer crystallization studies in different polymeric systems.  Additionally, focuses on the 

synthesis, switching dynamics and stability studies of azobenzene polymers will be discussed. We will 

consider some synthetic strategies employed for the synthesis of azobenzene polymers, their switching 

dynamics in solution and how to stabilize the cis structures upon switch.  

In the second section, the aim and the synthetic concept will be explained elaborately. This chapter will 

cover the results obtained from the different publications related to crystalline-amorphous block 

copolymers and azobenzene functionalized polymers. 

In the third section, we will be describing the details of the published results. This will discuss in details 

the crystallisation of the crystalline-amorphous block copolymer and azobenzene polymers. 

In the fourth section, the overall conclusions of the thesis will be summarized. 

The fifth section will contain all the supplementary data to give some information especially on the 

synthesis of the various compounds.  

 

 

 

 

 

 

 



 

 

- 2 - 

1.0 INTRODUCTION 

1.1 Crystallization in polymers  

Crystallization process in polymers is a complex phenomenon associated with molecular reorganization at 

different time and length scales [1]. Two separate stages, the emergence of small crystalline domains 

called primary nuclei, and their subsequent growth defines the crystallization process. The primary 

nucleus is a nanometer-sized structure which shape may be treated by equilibrium thermodynamics, 

while the growing crystals have very thin platelet shapes which must be kinetically controlled [1]. During 

crystallization, the polymer chains adopt either an extended or, what is more common, a chain-folded 

conformation, which are influenced by several internal and external factors such as molecular weight, 

chain architecture (e.g. linear, star, block copolymers), functional groups, chain flexibility, chain defects, 

stereo-regularity and experimental conditions like temperature, pressure, nucleating agents, and stress 

[1]. These factors have been shown in several investigated semi-crystalline polymers. Notable among 

these factors is the crystallization studies of star-shaped poly(Ɛ-caprolactone)s, where the rate constant 

for the star-shaped polymers was observed to be lower than their linear counterparts within the same 

molecular weight range [2]. The higher the number of arms in the star-shaped polymer, the slower was 

the crystallization process. The presence of functional groups as well as their positions within polymer 

chains was also shown [3-6] to influence the crystallization process. Slow overall crystallization process 

and low melting temperatures were observed [4, 5]. Moreover, some compelling factors such as the 

linkage of several chemically different homopolymers to form block copolymers (BCP) have been shown 

to influence the crystallization process of semi-crystalline polymers. In contrast to the pure 

homopolymers the second blocks within the BCPs form "barriers" which restrict or allow the crystal 

growth process. As a result of the chemical heterogeneity in mostly formed block copolymers, nucleation 

as a primary step of the crystallization begins the crystallization process [4-6]. Two types of nucleation are 

known to exist; homogeneous and heterogeneous nucleation [6]. Homogeneous nucleation is often 

observed in strongly restricted systems such as polymer droplets, microphase-separated block 

copolymers (BCP) or polymers infiltrated in nanotubes [6]. In heterogeneous nucleation, the chain 

segments are deposited on foreign surfaces, e.g., dust or other impurities. Heterogeneous nucleation can 

be promoted by the addition of a nucleating agent. The nucleating agents (often organic compounds) can 

accelerate the onset of the crystallization and increase the crystallization temperature [4, 5].   

 

1.2 Crystallization in block copolymers 

Block copolymers are polymers that consist of two or more different monomeric blocks that are 

covalently linked to each other. The simplest architecture is the linear AB diblock copolymer, in which a 

homopolymer chain of monomers of type A is linked to a homopolymer chain of monomers of type B [7-

10]. When studying block copolymer crystallization, mainly two cases can be distinguished; the first when 

one of the two components can crystallize, and the other remains amorphous (crystalline-amorphous), 

and the second when both components can crystallize (crystalline-crystalline) [11, 12]. The second case 

can be further broken down into at least two categories; one for the case that the two components have 

comparable glass transition temperatures and the other when the two glass transition temperatures are 
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far apart. Different factors influence the final three-dimensional structure of the block copolymer; this 

includes: 

 Order-disorder transition temperature (TODT) 

 Glass transition temperature of the amorphous part (Tg) 

 Crystallization temperature of the crystalline/semi-crystalline part (Tc) 

Furthermore, depending on the relative values of the above-mentioned temperatures, different 

crystallization cases can be observed for the block copolymer. The final structure of the copolymer is thus 

a function of this relative order of temperature values, and in consequence, leads to the three distinct 

cases upon crystallization (Figure 1): 

Case I: TODT < Tc > Tg. Crystallization occurs directly through the melt components, and phase separation 

leads to lamellar structures. Hard or soft confinement can be observed, depending on the relative order 

of the temperatures.  

Case II: TODT > Tc > Tg. Crystallization occurs within sub-phases [micro domain], but in this case, it can also 

intrude into the rubbery phase of the second component, leading to breakout crystallization. 

Case III: TODT > Tg > Tc. Crystallization occurs within segregated sub-phases of the strongly restricted 

amorphous component leading to confined crystallization.  

    

crystallizable

amorphous Melt state

Disordered

melt

crystalline lamellar 

structure

TODT <TC>Tg
A

case I

case III
case II

soft confined,

crystallization

Ordered

melt

Soft amorphous phase

strong 

segregation

breakout 

crystallization

Microphase separated

Tg
A<Tc

weak 

segregation

Hard amorphous phase

Tg
A>Tc

weak 

segregation

strong 

segregation

hard confined,

crystallization

crystallization overwhelms 

microphase-separation

case IIICase II

TODT >TC>Tg
A

Figure 1. Block copolymer crystallization in different crystalline amorphous blocks. 
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In general, block copolymers having two or more immiscible segments exhibit different kinds of 

microphase morphologies depending on the relative volume fractions of the segments. In block 

copolymers, the morphology depends not only on the strength of the immiscibility (denoted by χN, where 

χ is the interaction parameter, and N is the total degree of polymerization) but also on whether the blocks 

are crystalline or amorphous [13]. When the χN parameter decreases (weak segregation limit, χN < 10), 

the crystals show “breakout-crystallization” (Figure 1, Case II) [14, 15] from the microphase-separated 

block copolymer. On the other hand, when the χN parameter increases (strong segregation limit, χN >> 

10), the crystalline order get confined (Figure 1, Case III) [16, 17] within the conventional block copolymer 

microphases such as inside lamellae, cylinders, and spheres (Figure 1) [18, 19]. In the general case that 

both blocks of the copolymer can crystallize (crystalline-crystalline), usually a more complicated 

phenomenon is observed. Investigations on such dual crystalline systems have shown that each 

component’s crystallization affects the other ones with well-characterized interactions [20]. When the 

two polymers have comparable melting temperatures, crystallization for both will occur almost 

simultaneously. On the other hand, when the melting temperatures are different, the first polymer to 

crystallize will yield a structure that could affect the second polymer’s crystallization [18, 19]. In some 

previous works [21-25] containing poly(ε-caprolactone) and poly(butadiene) block copolymers (PCL-PB), it 

was found that samples with lower molecular weights (Mn ≈ 10,000 g/mol) and different ratios of PCL / PB 

were about 15 °C lower in their Tm values in comparison to their pure homopolymers and with different 

morphological structures upon changes in the block ratios, which indicated a strong difference in the 

crystallization behavior of the different block copolymers. Using synchrotron radiation SAXS studies, it 

was observed that the samples with 20 % PCL ratio showed crystallization directly from a disordered 

phase (Case I, Table 1, entry 1). However, upon increasing the PCL content to 36 % and 45 % (Table 1, 

entry 2), the samples had an ordered structure that was destroyed by precipitation during the 

crystallization process leading to breakout morphology (Case II) [23]. For high molecular weight samples 

(Mn ≈ 62000 g/mol), no changes in the morphology were observed. It was shown that the crystallization 

took place within the block copolymer microdomains (Table 1, entry 3). Thus the energetic barrier to the 

destruction of the microphase was so large in the case of the high molecular weight PB-PCL that the 

microphase separation dominated the crystallization process, leading to confinement of the block 

copolymer microdomains (Case III) [26]. Several other selected block copolymer crystallization with the 

effect of the individual blocks on the crystallization parameters on the microphase-separated block 

copolymers are summarized in Table 1 below. 
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Table 1: Summary of the findings of the crystallization of block copolymers. 

Entry Materials Mn [kg/mol]                                  Experimental findings 
1 [23] Poly(ε-

caprolactone)  
PCL-b-PB 

 
10 

 20% PCL ratio, crystallization directly from a disordered 
phase (Case I) 

2 [23] Poly(ε-
caprolactone-
butadiene)  
PCL-b-PB 

 
10 

 PCL content to 36% and 45%, ordered structures 
obtained.  

 Destroyed by precipitation during the crystallization 
process 

 breakout morphology (Case II) 

3 [23]   
   [26] 

Poly(ε-
caprolactone-
butadiene)  
PCL-b-PB 

 
62 

 no changes in the morphology 

 Crystallization occurred within block copolymer 
microdomains. Confinement effect (case III) 

 
4 [27] 

Poly(ε-
caprolactone-
ethylene glycol)  
PCL-b-PEG  

 
22 

 Isothermal crystallization of 20% w/w PEG. Similar 
crystallization rates to homopolymer for PCL chains.  

 Slower crystallization rates for PEG in comparison to the 
homopolymer. (Case III) 

 

 
 
5 [28, 
29] 

 
Poly(ε-
caprolactone-
ethylene glycol)  
PCL-b-PEG  

 
 
14-43 

 PCL content 29-94% w/w. When PEG block was longer 
than PCL block, the PEG crystallized first, from the melt. 
Imperfect crystals formed (case II) 

 
 
6 [30] 

 
Poly(L-Lactide-  
ε-caprolactone) 
PLLA-b-PCL  

 
 
24-29 

 Isothermal crystallization from a 44% and 60% PLLA 
miscible melt was investigated.  

 PCL crystallized inside PLLA pre-crystallized spherulites. 
(Case III) 

 For the 60% diblock, a transient microphase separated 
lamellar structure was identified (Case III) 

 

 
 
 
7 [31, 
32] 

 
 
Poly(P-dioxanone-  
ε-caprolactone  
PPDX-b-PCL 

 
 
 
6-184 

 Under isothermal crystallization, PPDX was the first to 
crystallize.  

 Higher temperatures supported the formation of 
granules whereas low temperatures favored the 
formation of banded spherulites.  

 PPDX increased the crystallization rate of PCL [nucleation 
agent] (Case III) 

 

 
 
8 [33, 
34] 

Poly(glycolic acid-
valine –ethylene 
oxide -glycolic 
acid-valine) 
PGAv-b-PEO-b-
PGAv  

 
 
8-25 

 For PEO content of 37-59%, no crystallization occurred 
until -20°C.  

 For compositions below 29% [PEO], no crystallization was 
observed. This phenomenon was attributed to the PGAv 
chains. The two blocks seemed to be immiscible for PEO 
contents lower than 29%  

 

 
9 [35, 
36] 

 
PEO-b-PMMA  

 
7-14 

 PEO’s Tc, Tm, and Xc decrease with an increase in PMMA 
concentration in the range 0-61%.  

 Fractionated crystallization was observed for PEO when 
its content was lower than 70% due to hindrance by 
PMMA. (Case II) 

 

 
10 [37] 

 
PB-b-PDMS  
PE-b-PDMS  

 
28-128 

 PE crystals hindered PDMS crystallization when PDMS 
content was lower than 34%. This was not observed for 
amorphous PB. Crystallinity remains unaffected by PDMS 
content (Case III) 
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1.3 Crystallization of recurring defects in copolymers 

Defects in polymer chains, irrespective of size and shape can affect the chemical microstructure of the 

polymer crystal, and subsequently affect the crystallization, thermal and mechanical properties of the 

polymer [38-41]. These defects include chain ends, comonomer units, coupling units, and stereo- or regio-

defects. In crystalline polymers, depending on the size and nature of the defects, they are either excluded 

or included into the polymer crystal [42-47]. For example in poly(ethylene), PE crystals, it has been shown 

that, small groups such as halogens, oxygen, and the methyl branches can be partially incorporated into 

the orthorhombic poly(ethylene) lattice [48-50], while bigger branches such as propyl, styrene and vinyl 

acetate are excluded from the PE crystals [51-56]. When the defects are uniformly incorporated into the 

crystal lattice, leading to a defective crystal structure, it is termed as a uniform inclusion model, whereas 

in situations where they efficiently arrange themselves outside the crystal lamella, it is known as the 

exclusion model (Figure 2).  Different theoretical model descriptions are used to explain these defects in 

copolymers. Notable among them is the model theory by Flory [57, 58], where the co-unit defects are 

completely excluded from the growing crystal. The model predicts a decrease in melting temperature 

with increasing comonomer content. This prediction has been verified experimentally by numerous 

studies on a variety of copolymers [49, 59]. 

(b) 

 

(a) 

 

B co-unit 

A-unit 

 

Figure 2. a) Structure of ethylene/1-butene copolymer. The ethylene co-units are shown in the circle, 

which are subsequently represented in Figure 2b as dots. b)  Inclusion (down) and exclusion (top) models. 

The dots represent the co-units within the crystalline/amorphous A region. (Figure redrawn  from reference 

[60]).       

  

 

 



 

 
- 7 - 

Also, the crystallization theory of defect polymers developed by Helfand and Lauritzen [61-64] on the 

kinetic theory for polymer crystallization recognizes the free energy costs of incorporating a co-unit into 

the crystal lattice. The theory rightly describes the inclusion of co-units not to only "modify the 

thermodynamic properties, but also profoundly affect the kinetic barriers to the crystal growth".  

To obtain a comprehensive understanding of the findings of this thesis, a detailed review on some of the 

theories in exclusion and inclusion defects in crystalline polymers are considered in the proceeding pages. 

 

1.3.1 Flory's exclusion theory of copolymer crystallization [57, 58] 

Flory's exclusion theory assumes the co-units B as defects that are completely excluded from the 

crystallites formed by the A units. The model assumes all the sequence of the crystalline lattice to be 

composed of A units. The ability of A units to crystallize is dependent on a limiting sequence length, ξ. If ξ 

is larger than a critical value, ξ* at equilibrium, crystallization takes place. However, if ξ is smaller than the 

critical value, ξ*, crystallization will not happen at all. At high temperatures, crystallizable units of length ξ 

larger than ξ* crystallize to form thick crystallites, while at lower crystallization temperatures, thinner 

crystal formation occurs. The ξ*expression according to Flory is given by: 

 

   *  (
    

 
)     (

   

     )+ *
  

     
+………………………………………………………………………..……………………….(1) 

Where D is the crystal surface free energy effects, p is a probability that unit A is succeeded by unit A 

regardless of the preceding units, and XA is the mole fraction of crystallizable A units. That is, for a random 

copolymer p = XA, for a block copolymer p > XA and an alternating copolymer p < XA, θ is a measure of the 

undercooling. This can be expressed in terms of the heat of fusion per unit (ΔHu) and the melting 

temperature of the pure polymer     
   as shown in equation (y) 

  (
   

 
) (

 

 
  

 

  
 )………………………………………………………………………………………………………………………………(y) 

The melting point depression, Tm according to Flory is also defined as: 

 

  
  

 

  
    (

 

   
)    ……………………………………………………………………………………………………………………….(2) 

Where R is a gas constant,   
  is the melting point of the pure polymer, ∆Hu is the heat of fusion per unit. 

It is implicit in Equation (7) that the melting temperature is independent of the chemical nature of co-unit 

B. The same is true of the degree of crystallinity: the universal decrease in crystallinity due to 

copolymerization is solely a function of the amount of units B and not of their chemical nature. 

 

The theory description by Flory to some extent has been experimentally verified in many investigations 

[51]; however, there seem to be some major discripancies in the theory that were not tackled. For 

example, the melting point depression calculated using Flory´s expression is invariably smaller than that 

observed experimentally for most investigated statistical copolymers [60]. Also, the heats of fusion 
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calculated for a homopolymer from Flory´s analysis of copolymers are much lower than those measured 

experimentally by methods such as depression in melting point of the homopolymer by a diluent [60]. 

 

1.3.2 Sanchez and Eby´s inclusion/exclusion model [60]  

Sanchez and Eby´s [60] model is one of the most elaborate and concise descriptions to exclusion and 

inclusion defects polymers. The model describes the kinetic determination of the crystalline morphology. 

It also shows that the inclusion of defects in a crystal leads to a thermodynamically more stable system. In 

the inclusion model, the depression of the crystal melting point is due to the decrease in the heat of 

fusion. Conversely, in the exclusion model, the melting point depression is due to an increase in the 

entropy of fusion. Under isothermal conditions, the Sanchez-Eby theory predicts an increase in the 

lamellar thickness with the concentration of defect units, for both the inclusion and exclusion models.  

The model adopts a statistical copolymer comprised of crystallizable A units and B co-units (defect). 

According to the model, a random copolymer must lie between two extremes (Figure 2b ) (a) uniform 

inclusion, where the crystalline phase is a composition of both A and B units; the B co-units produce 

defects in the crystalline A lattice and (b) those of co-unit exclusion: where the crystalline phase is 

composed of entirely of A units and is in metastable equilibrium with a mixed amorphous phase A units 

and the non-crystallizable B co-units [60]. An expression for the free energy of crystallization of the 

copolymer, ∆G, is derived based on the condition that a real copolymer crystal is formed under kinetic 

conditions which determine the actual concentration of B co-units in the crystal [60]. 

 

          ,
   

  
           

    

   
       

  

 
 -………………………………………………………………….……(3) 

where; ∆G° = the free energy of crystallization of the homopolymer 

ε = the excess free energy of a defect (due to the presence of a B co-unit in the crystal lattice 

Xc = the concentration of co-units in the crystal, and 

X = the overall composition of co-units in the copolymer. 

 

For uniform inclusion of the co-units,    Xc = X,  

While for exclusion of the co-units,       Xc = 0. 

At equilibrium, the co-unit concentration, Xeq is determined as shown in equation (4) 

     
       

           …………………………………………………………………………………………………………………...…………..(4) 

 

At equilibrium, when we consider ΔG = 0 and use the relation shown in equation (x), a new equation (5) 

can be formulated by combining equations (3) and (4).  

        
     

 

  
   ……………………………………………………………………………………………….……...…………………….(x) 

 

 

  
   

 

  
   

 

   
 ,

   

   
          *

    

   
+        

  

 
 -………………………………………………………….…………..(5) 

Where    
  = the heat of fusion of the homopolymer,  
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  = the equilibrium melting temperature of the homopolymers and 

   = melting point depression for the copolymer 

 

For the case of uniform inclusion, Xc = X, the melting point depression can be calculated as shown in 

equation (6). Thus, the melting temperature depression is principally an enthalpic effect due to the 

presence of defects in the crystal lattice. The depression of the crystal melting point is due to the 

decrease in the heat of fusion. 

      
 (   

  

   
  )……………………………………………………….……………………………………………………….………….(6) 

 

On the other hand, the complete exclusion of co-units from the crystal lattice, Xc = 0, results in equation 

(7). This describes the entropic effect arising from the necessity for sequential ordering of the chains 

during crystallization. The melting point depression is due to an increase in the entropy of fusion. 

 

  
  

 

  
   

 

   
  (

 

   
)………………………………….……………………………………………………..……………………………….(7) 

 

1.4 Exclusion crystallization in defect polymers  

In the exclusion defect polymers, defects like branches, errors in tacticity or hetero-monomers are 

expelled to the amorphous phase and subsequently influence the crystallization process. Thus, it is 

possible to control the crystal properties like the degree of crystallization or lamellae thickness by 

adjusting the macromolecular architecture during the polymerization process.  Polymerization processes 

will usually yield more or fewer irregularities, which are randomly distributed along the polymer chain. 

The type, nature, and density of the defects in the polymer chain will then determine the crystallization 

properties of the polymer [65]. In many synthesized exclusion defect polymers, thin crystal morphology 

within the polymer microstructure is mainly reported upon exclusion of the defects from the growing 

crystal lamella [60, 66-68]. An example can be seen in ADMET polyethylenes with n-hexyl branches at 

every 21st backbone carbon excluded from the crystalline lamella [66]. Thin crystal morphological 

structures were observed upon crystallization of this copolymer [66]. TEM images, SAXS and WAXD 

measurements showed that the polymers were made up of extremely narrow lamella thickness 

distributions with an average lamella thickness of approximately 26 Å. Further analysis revealed the 

average lamella thickness to be precise the distance between the n-hexyl branches along the polymer 

backbone and confirmed the exclusion of the n-hexyl branches from the crystalline lamella (Table 2, Entry 

1). Upon modifying the defect type with stereo-irregular carboxylic acid groups [69], an uncommonly 

reported crystal structure for ADMET polymers, multilayer adjacent re-entry crystals, where the polymer 

chains make hairpin turns near each functional group was observed (Table 2, Entry 2). These multilayer 

chain-folded structures have however been demonstrated in other synthetic polymers like in polyesters 

containing alkyl segments in the polymer backbone with precisely defined lengths, where short 

poly(ethylene glycol) (PEG) chains are grafted to the polymer near each ester group [13, 70]. The same 

crystal morphology was also shown for ADMET PEs with organic nanoparticles [55] of defined shape and 

size as shown in table 2, entry 3.  
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Other characteristic behaviors identified in excluded defect polymers upon crystallization are the 

insignificant or no change in the thermodynamic properties e.g. the heat of fusion and enthalpy of fusion 

of the polymer crystals [71-73] when compared to their corresponding polymers without defects. In a 

Ziegler-Natta propylene-ethylene copolymers with ethylene content up to 11% studies, the authors 

reported an apparently no observed change in the normalized heat of fusion or the unit cell dimensions as 

a function of comonomer content upon exclusion of the ethylene defects from the crystalline lamella [74] 

(Table 2, entry 4), indicating that the exclusion of the defects to the amorphous region did not affect the 

thermodynamic properties of the copolymer. Several other investigations (Table 1, entry 5-6) studied on 

propylene-ethylene copolymers [71-73] in the same ethylene concentration range as that of (Table 2, 

entry 4) revealed nearly the same effect on the normalized heat of fusion upon exclusion or partial 

inclusion of the defect in the crystal lamellae. However, a small decrease in the normalized enthalpy of 

fusion with an increase in ethylene content and a slight expansion of the unit cell were noticeable for the 

investigated copolymers measured for propylene homopolymer and propylene-ethylene copolymers [75-

77].  

Moreover, consequential decreases in the crystallization parameters like melting temperature upon 

exclusion of defects from the crystalline lamellae have been shown for most reported defect polymers 

[71-73]. Examplified effect is shown in the investigations on various copolymers including fractions of 

ethylene/1-butene, ethylene/octene, ethylene/vinylacetate, ethylene/propylene, hydrogenated 

polybutadienes and diazoalkanes using dilatometry measurements [71-73]. All the copolymers except 

those containing methyl side groups were shown to be represented by a single curve on the Tm vs. 

comonomer content plot [51]. The methyl group-containing copolymers displayed higher Tm's suggesting 

inclusion into the crystal lattice on an equilibrium basis, while the bigger sized defect copolymers showed 

lower Tm's, suggesting exclusion from the crystal lattice (Table 2, entry 7-8). A similar investigation was 

reported for ortho-substituted phenylene units as defects in the main chain of series of polyethylenes. 

TGA, DSC, WAXD, and SAXS were utilized for analysis to reveal a remarkable depression of the melting 

temperature (Tm) upon exclusion of the ortho-substituted phenylene units from the crystal phase [68] 

(Table 2, entry 9). Some further experimental results from selected examples of model systems on 

exclusion crystallization in defect polymers are listed in Table 2 (entries 10-14). 

  

Table 2. Exclusion defect crystallization in copolymers and their representative structural defects 

Entry Type of defect Copolymer 
structure 

Experimental findings 

 
 
1 [66] 

 

*
*
n

 

 
 
 

 Narrow lamella thickness distribution polymers with 
average lamella thickness of approximately 26 Å. 

 Exclusion of n-hexyl branch from the crystalline 
lamella leading to thin crystal morphology. 
 

 
 
2 [69] 

 
 

COOH  
n
*

*

O OH

16

 

 Multilayer adjacent re-entry crystals formed 

 Polymer chains make hairpin turns near each 
functional group. 
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3 [55] 

 
 

COOH  *
*

O OH

40 n

 

 COOH groups form layers on the nanocrystal surface, 
to self-stabilize the nanocrystals.  

 Nanocrystal thickness directly determined by the 
length of the long chain methylene spacer between 
the functional groups. 

 
4 [74] 

 
CH2CH3  

**

R
n

 

 Neither the normalized heat of fusion nor the unit 
cell dimensions changed as a function of comonomer 
content.  

 
5 [71-
73] R =

H3C
H
C CH3

CH2CH3

CH2CH2CH3

 

 

n
*

*

R  

 A similar report to entry 4 for the studies on random 
ethylene/α-olefin copolymers.  

 No changes in the heat of fusion or the unit cell 
dimensions as a function of comonomer content.  

 

 
 
6 [75-
77] 

 
 

CH2CH3  

 
 

**

R
n

 

 A decrease in the normalized enthalpy of fusion with 
increasing ethylene content. 

  Expansion of the unit cell along the b direction for 
propylene homopolymer and propylene-ethylene 
copolymers.  
 

 
 
 
 
7 [51] 
 

R =

C
H

H2
C CH3

O

O

C
H

R N+

N-
 

 
 
 

n
*

*

R  

 All copolymers except methyl side group copolymers 
showed single curve on the Tm vs. comonomer 
content plot, indicating exclusion of the branches 
from the crystal lattice.  

 Included methyl side group copolymers displayed 
higher Tm's on an equilibrium basis.  

 
 
 
 
8 [52, 
78] 

 

R =

C
H

H2
C CH3

5

C
H

C
H

H2
C CH3C

H

C
H

H2
C CH3

3

C
H

 

 
 
 

       
n
*

*

R  

 Follow-up investigation to entry 8.  

 The investigations showed that deviations from the 
single curve in entry 8 are as a result of differences in 
sequence distribution, and not the chemical nature of 
the comonomer. 

 
 
9 [68] 

 

O O
**
n  

  Substitution position in the arylene units influenced 
the chain stacking and the location of the arylene 
groups in the solid phase.  

 Exclusion of the ortho-substituted phenylene units 
from the crystal phase, leading to a low melting 
temperature (Tm).  
 

 
 
 
10 [79] 

 

R =
C
H

H2
C CH3

m

C
H

CH2C
H

m = 1, 3, 5  

 
 

**

R
n

 

 Rate of comonomer co-crystallization estimated as 
PB > PE > PH = PO for comonomer contents < 13 
mol% and PE > PH > PO for > 13 mol% comonomer 
contents.  

 A rejection model especially the 1-octene units from 
the crystals was reported. 
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11 [52, 
80-82] 

 
 
 

R = CH2C
H  

 
 

n
*

*

R  

 Short spin-lattice relaxation of copolymers, showing 
concentration of branches in a single mobile and 
disordered phase.  

 Chemical oxidation study showed accessibility of the 
branches to the oxidizing agent, while the crystalline 
core was not, implying the branches location to the 
disordered amorphous phase.  
 

 
 
12 [52, 
83] 

 
 

R = CH2C
H  

 

n
*

*

R  

 A significant interfacial region with a thickness in the 
range of ~20-40 Å for rejection of the co-units from 
the crystal lattice.  

 Increasing the thickness with increasing comonomer 
content up to Mn of 100,000 g/mol. 

 
 
 
 
13 [84] 

P

CH3

OO
O

* *

P

O

OO
O

* *

R =

H2
C

H2
C

H2
C

3

* *

n

n

n
 

 
 
 

R
**

19  

 Melting temperature as low as 14 °C reported for 
butyl side chain defects, while an increase in Tm of 30 
°C and 50 °C showed for much bulkier phosphate and 
phosphonate defects.  

 Incorporated groups (inclusion or exclusion) was 
based on the conformation, structure, and geometry 
of the defects.  

14 [85] 
O

O

C O

C

O

O

O

n

 

O

O

*

C O

C

OR

RO

O

*

n

R
 =

 6
-1

2
 a

lk
y
l u

n
its

 

 Polyethylene-like glass transitions αPE observed for 
these polymers using dynamic mechanical data 
analysis.  

 The alkyl nanodomain size was the most critical 
factor determining the αPE dynamics of the 
methylene units.  

 

1.5 Inclusion crystallization in defect polymers  

In the case of inclusion defect crystallization, the functional or amorphous groups are mainly small 

enough to be embedded inside the crystalline regions. The groups arrange into layers to optimize their 

packing. Upon crystallization of the inclusion defect polymers, different characteristic properties are 

observed; for example, many observed crystal structure morphologies for inclusion defect polymers are 

those of the extended-chain crystals [86, 87]. Aliphatic polyamides (nylons) are classical examples of 

precise polymers that form extended-chain layered crystallites [86, 87]. In ADMET polyethylenes with 

precise chlorine substitution on every 15th backbone carbon (Table 3, entry 1), a polymorphism of crystal 

structures was reported, all of which were of the extended-chain variety [88]. Under fast crystallization 

kinetics, the chains assemble in an all-trans planar packing with a layered chlorine distribution. Extended-

chain crystal structures have also been shown in methyl [89], and sulfone [90] group defected polymers. 

Also, reports on a triazole ring based point defect at the middle of a PEO chain revealed a single type of 
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lamella crystal after cooling to T = 0 °C [91]. An extended chain crystal structure model was generated for 

the packing of the polymers (Table 3, entry 2).  

Furthermore, the influence of the crystallinity as a result of defect inclusion in the crystalline lattice of 

copolymers has been reported using several different copolymers [40, 92]. Notable example is shown in 

the investigations of a series of copolymers composed of bromotrifluoroethylene (BTFE) [92], where upon 

using Fourier transformed infrared spectroscopy, DSC, dielectric spectroscopy and WAXD analysis 

revealed that, for small amounts of BTFE (<2 mol%), the co-unit (BTFE) was dispersed primarily as single 

defects and minimally affected the crystallinity and the chain conformation distributions (Table 3, entry 

3). As the BTFE content further increased and the prevalence of BTFE monomer runs increased, there was 

found to be a substantial drop in the crystallinity and the crystallite size along with the inhibiting of the 

all-trans chain conformation [92]. Similar studies were conducted on series of 11 different ADMET 

polymers with varying defect sizes [40]. Thermal characterization of the polymers via DSC confirmed the 

precise nature of the ADMET polymers by displaying sharp and well-defined endothermic transitions. 

Methyl and ethyl branches were included in the unit cell, which resulted in a decrease in the degree of 

crystallinity of the ADMET polyethylene compared to an unbranched ADMET polyethylene standard. 

WAXS investigations revealed a loss of the crystal structure upon incorporation of the precisely placed 

branches into the unit cell, resulting in a shift of the unit cell from orthorhombic to triclinic crystal 

structure (Table 3, entry 4).  

Moreover, a decrease in the equilibrium melting temperature as a result of the co-units incorporation 

into the crystalline lattice has been characterized by inclusion defect polymers upon crystallization [50, 

68]. An example of this effect is shown in the investigations of an incorporation of random propylene and 

butane defects in ethylene-propylene and ethylene/1-butene crystallizable random copolymers [50], 

where a decrease in the equilibrium melting temperature,   
°  and a change in the surface free energy, σe 

upon inclusion of the copolymer in the crystal lattice was revealed. The annealing behavior and 

thermodynamics of fusion of the solution-grown single crystals of the ethylene-propylene and ethylene/1-

butene crystallizable random copolymers were examined in comparison with linear polyethylene 

crystallized from the melt and dilute solution. Correlation of the quantities such as long spacing, annealing 

temperature, and apparent enthalpy of fusion, led to the conclusion that the single crystal aggregates 

were involved in a morphological transformation during the process of annealing. Both classes of 

polymers showed a lowering in    
   with the increasing number of side groups, though the effect was 

more pronounced in the ethylene-propylene copolymers. Some additional investigations on melting point 

decrement upon incorporation of defects in the crystal lamella are shown crystallization of arylene ether 

defect units in the main chain of series of polyethylenes (Table 3, entry 5) [68] and other selected results 

in table 3, entry 11. 
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Table 3. Inclusion defect crystallization in copolymers and their representative structural defects 

Entry Type of 
defect 

Copolymer structure                                          Experimental findings 

 
 
1 [88] 

 

 
-Cl 

 

*
*

Cl

n11

 

 Extended-chain crystals.  

 Fast crystallization kinetics; chains assemble in an all-
trans planar packing.  

 Slow crystallization rates favor herringbone-like non-
planar structure. 

 

 
2 [91] 

N

NN
*

* n
 

O
N

11

Me O
OMe

11

NN

 

 A single type of lamella crystal; an extended chain 
crystal structure model at T = 0 °C. 

 
 
3 [92] 

 
 
-Br 

C C

F

F

F

F

C C

F

F F

Br
x y  

 Bromotrifluoroethylene, BTFE (<2 mol%) dispersed as 
single defects; minimally affected the crystallinity and 
the chain conformation distributions.  

 Increased BTFE content implies a drop in crystallinity 
and crystallite size. 

 
 
 
4 [40] 

R = methyl, 
ethyl, iso-
propyl, sec-
butyl, 
cyclohexyl, 
adamantyl 

*
*

R

20

n
 

 Methyl and ethyl branches included in the unit cell. A 
decrease in melting point and degrees of crystallinity.  

 Loss of crystal structure upon defect incorporation 
with a resultant shift of the unit cell from 
orthorhombic to a triclinic crystal structure. 

 
 
 
5 [68] 

 

O

O

O O

*

*

*

*

n

n

      

20

O
*

O* n

20
O*

n
O

*

 

 para-substituted phenylene units were excluded from 
the crystal phase leading to a lowering  Tm. 

 meta-substituted phenylene units could be partially 
included into the crystal, resulting in mixed crystal 
structures and an intermediate Tm 

 
 
6 [93] 

 

 
 

n
*

*

 

 42 % of the ethylene units included in the propylene 
crystal for copolymers with ethylene concentration of 
0.8-7.5 mol%.  

 A decrease in the normalized heat of fusion with 
ethylene inclusion in the polypropylene crystal. 
 

 
 
 
7 [94] 

 
 
 

     -Cl 

 

x
n
*

*

Cl

x = 8, 14, 18 or 20  

 Folding and packing of the chain segments rendered 
strains in the lattice to destabilize the orthorhombic 
unit cell.  

 Restricted of crystallinity from 80 to∼30 %, and crystal 
thickness from ∼180 to 90 Å with increasing Cl 
content. 

  Trans-trans crystal packing conformations observed at 
Cl level > ∼10 mol %. 

 

 
 
 
8 [95] 

 
 
R = methyl, 
ethyl 

 
 

       

38
n*

*

R  

 Shift of the two strong scattering peaks to 21.1° and 
23.0°, corresponding to (110) (d= 4.19 Å) and (200) (d= 
3.87 Å) reflection planes with lattice parameters a = 
7.74 Å and b = 5.00 Å as result of methyl branch 
inclusion in the crystal lattice.  

 An expansion of the unit cell by 4.6% and 1.4% along 
the a- and b-axes proved the distortion in the 
orthorhombic unit cell.  
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9 [96] 

 
 

       -Br 

 

      
20

n*

*

Br  

 Four crystalline forms obtained for the uniaxially 
oriented specimens of the polyethylene-like polymer. 

  Unoriented samples were difficult to obtain a chain 
conformation and chain packing mode.  

 

 
 
 
 
 
 
 
10 [97] 

 
 
 

O

NH

O

O
O

N H

O

Cu

O

 

        

O

NH

O

O

(CH)2

CO

C
H

H2
C

n

C3H11

O

N H

O

(CH)2

C O

H
C

H2
C

C3H11

Cu

O

n

 

 Introduction of copper atoms (5-65 mol%) resulted 
into cross-linked polymeric chains.  
 

 Enantiotropic smectic A and smectic C mesophases of 
the original polyacrylate disrupted due to the 
statistical incorporation of the copper (II) ions.  
 
 

 Restriction of motion of the copper complex around 
the long molecular axis upon incorporation of the 
copper (II) ions.  

11 [40] R = methyl, 
ethyl, propyl, 
butyl, pentyl, 
hexyl, iso-
propyl, sec-
butyl, tert-
butyl, 
cyclohexyl, 
adamantyl 

   

*
*

R

20

n  

 Methyl and ethyl branches included in the unit cell, 
with a resultant decrease in the melting point and 
degrees of crystallinity.  

 WAXS investigations revealed loss of the crystal 
structure upon incorporation of the precisely placed 
branches into the unit cell.  

 Crystal structure lost its symmetry with the unit cell 
shifting from orthorhombic to triclinic crystal 
structure. 

 

1.6 Synthesis and switching dynamics of photochromic polymers  

Organic photochromic molecules known in photo-control polymers include azobenzenes, stilbenes, 

benzoimine, spiropyranes, fulgides, diarylethenes and chromenes (Figure 3) [98]. Among these, 

azobenzenes, stilbenes and benzoimines stands out to be three of the most important photochromic 

molecules widely investigated. Three different classes of photochromic processes are shown upon 

illumination of these molecules: trans-cis-trans isomerisations, photo-induced ring closing reactions and 

photo-tautomerism [99, 100]. Depending on the thermal stability of the photogenerated isomers, these 

photochromic molecules can be divided into two main categories: P-type (photochemically reversible 

type); these do not transform to their initial isomer even upon heating at higher temperatures; an 

example includes the fulgides and the diarylethenes. T-type (thermally reversible type); the 

photogenerated isomers thermally revert to their initial form (e.g., azobenzenes, stilbenes, benzoimine 

and spiropyranes).  
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Figure 3. Selection of organic photochromic molecules known in photochemistry and their photochromic 

reactions (Figure redrawn from citation [98]). 

 

1.6.1 Photo-responsive azobenzene chromophore  

Azobenzenes are versatile molecules with two phenyl rings separated by an azo (–N=N–) bond. 

Azobenzenes are usually absorbing light in the blue region, and therefore the vast majority of 

azobenzenes exhibit a yellow, orange or red colour. They have two isomeric states: a thermally stable 

trans configuration, and a metastable cis form. This chromophore was described for the first time in 1834 

[101], and in 1937 Hartley [102] revealed an interesting property of the molecule, i.e. the reversible 

photochemical E-Z isomerisation. Under irradiation, the E (trans) azobenzene is converted to the Z (cis) 

form, which thermally reverts to the more stable trans on a timescale dictated by the molecule’s 

particular substitution pattern [103]. 

The mechanism of the photoisomerization process is a fundamental subject in azobenzenes. Two 

pathways have been accepted until now [100]. It is accepted that the photoirradiation step from trans to 

cis has a rotational pathway and/or an inversion pathway, whereas the heating step from cis to trans has 

an inversion pathway (Figure 4) [100].  
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Figure 4. (a) Mechanistic isomerization pathway from trans- to cis-azobenzene and vice versa showing 

representative structures of azobenzene-type, aminoazobenzene-type and pseudo-stilbenes 

chromophores (b) UV-absorption spectra of an azobenzene-type chromophore showing the π-π* and n-

π* transition bands (Figure redrawn from citation [104]).  

 

 Azobenzene chromophore can be divided into 3 types  [105]: azobenzene-type molecules, which are the 

unsubstituted azobenzenes; aminoazobenzene-type molecules, which are ortho-or para-substituted with 

an electron-donating group; and pseudo-stilbenes, which are substituted at the 4 and 4´ positions with an 

electron-donating and an electron-withdrawing group (such as an amino and a nitro group).  

Aminoazobenzene group are characterized by their close proximity of the n-π* states and the π-π* states. 

Absorption bands in these azobenzenes are very sensitive to solvent polarity, as the azo group in an 

aminoazobenzene will interact with hydrogen bonding solvents more readily than the amino group [105, 

106].  

The pseudo-stilbene class of azobenzenes shows a contraposed electron-withdrawing and -donating 

groups that create a highly asymmetric electron distribution within the conjugated system [107, 108]. 

They are basically characterized by a low-lying π-π* state. Rearrangement of the electronic states of 

azobenzene can result in the formation of a pseudo-stilbene; thus by raising the energy of the n-π* state, 

via protonation of the azobenzene, or by lowering the π-π* state of the azobenzene via substitution with 

electron donating or accepting groups [109].  
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1.6.2 Synthetic methodologies for the design of azobenzene photochromes  

Incorporation of azobenzene into polymers starts with the design and synthesis of the azobenzene 

photochromic monomers. Many efforts have been subjected towards the synthesis of azobenzene 

monomers, not only in the yields but also with the efficiency and the final structure of the purified 

product. Two main methods have been used in the synthesis of azobenzene photochromes  [100]: i.e. (i) 

creation of an azo bond by coupling of two identical or non-identical aromatic compounds [110-125]; and 

(ii) creation of an azo bond by oxidation of hydrazo compounds [126-129] or by reduction of 

azoxybenzene derivatives [130-133]. These two methods, in consequence, have led to the evolvement of 

two different classes of azobenzene derivatives: the symmetric and the dissymmetric azobenzenes (Figure 

5).  

Figure 5. Schematic representation of the synthesis of the symmetric and the dissymmetric azobenzenes 

 

Synthesis of the symmetric azobenzene derivatives is effected by (i) oxidation reactions of aromatic 

primary amines [112, 134-138]; (ii) reduction reactions of aromatic compound having nitro groups [117, 

139-142]; (iii) diazo-coupling via diazonium salts [121, 143-153]; and (iv) coupling reactions with 

arenediazonium salts [154, 155], while the synthesis of the dissymmetric azobenzene derivatives is 

effected by (i) oxidation reactions of aromatic primary amines [113]; (ii) coupling of primary arylamines 

with nitroso compounds (Mills reaction) [122, 156-165]; and (iii) coupling reactions with arenediazonium 

salts [154-155, 166].  A notable example among these synthetic strategies is the synthesis of a sterically 
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hindered [3+3] cycloalkyne dimer linked via an azo bond [112] using oxidative coupling method in the 

presence of MnO2 in benzene. Yields of about 64 % were obtained, with switching dynamics of the system 

proving a stable cis isomer that formed polymeric aggregates by nonpolar π-π interactions. Furthermore, 

upon using the diazo coupling of p-nitrobenzenediazonium tetraborate with calyx[4]arene in the presence 

of pyridine and THF, the synthesis of arene cone bis-azobenzene derivative was achieved [121, 150]. 

Yields of about 42 % were reported for the synthesized monomers.  

 

1.6.3 Incorporation of azobenzene photochromes into polymers  

Incorporating the developed azobenzene photochromes into polymers regardless of the efficiency and 

final structure of the product, are carried out through two main approaches: i.e. starting from an 

azobenzene monomer with defined structure and then (i) covalently introducing the polymer chain via 

different synthetic routes or (ii) non-covalently binding the polymer chains via ionic, dipole-dipole 

interactions or through the formation of inclusion complexes. Both of these methods have advantages or 

disadvantages, but in general, they have a lot in common with regards to their synthesis. Depending on 

the application, one can decide whether to compromise the desired features of the intended material by 

the use of either of the two methods. Synthesizing azobenzene polymers via covalent binding of polymer 

chains to azo groups are subsequently achieved in either of the two approaches: (a) polymerization of the 

monomeric azobenzene chromophores or (b) post-modification of the functional groups of an already 

synthesized polymer with an azo-monomer (Figure 6). Polymerization of the monomeric chromophores in 

general can undergo almost all type of polymerization reactions, such as free radical polymerization [167-

170], Michael addition polymerization [171], atom transfer radical polymerization (ATRP) [172-174], 

polycondensation reactions [175, 176], reversible addition-fragmentation chain transfer polymerization 

(RAFT) [177, 178], and acyclic diene metathesis polymerization (ADMET) [179, 180]. This technique is a 

very popular approach which provides a variety of novel azobenzene polymers with well-defined 

structures due to the possibility of the initial design of the azobenzene monomer. However, the post-

modification strategy also presents an interesting means of tuning the polymeric properties with the 

azobenzene chromophore.  Thus, the post-modification strategy provides the opportunity to tune an 

already known polymer with defined structure and particular properties for the intended application. But 

the quantitative conversion of the functional groups in such reactions can be quite a challenge. These 

different synthetic strategies have been exploited in the development of many azobenzene-functionalized 

polymers, including hyperbranched azo-polymers [180], dendritic macromolecular azo-polymers [181] 

and precise ADMET azo-polymers [179].  
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non-covalent attachment

azobenzene photochromes

Pathway 1

Pathway 2

covalent attachment via
direct polymerization

Pathway 3

covalent attachment via
post-functionalization

azobenzene photochromes

azobenzene 
photochrome

Figure 6. Different synthetic pathways to incorporate azobenzene photochromes into polymer chains; 

Pathway 1: non-covalent attachment, Pathway 2: covalent attachment via direct polymerization and 

Pathway 3: covalent attachment via post-functionalization. 

 

1.7 Photo-physical relaxation dynamics of azobenzene monomers and polymers.  

1.7.1 Photo-physical relaxation dynamics of azobenzene monomers  

Photo-physical relaxation dynamics of azobenzene compounds are studied from the main spectral 

features of the weak long wavelength absorption band (dominated by the cis-form azobenzene) and the 

short wavelength absorption band (dominated by the trans-form azobenzene) [181-183]. Activation 

energy barrier between the cis and trans conformation is around 50 kJ mol-1 [105]. For cis azobenzene in 

benzene solution, molar absorption coefficient, ε of 404 mol-1 dm3 cm-1 for the n-π* transition at 449 nm, 

and 1250 mol-1 dm3 cm-1 at 440 nm for the trans-form are shown [184]. The molar absorption coefficient 

for the π-π* transition of this azobenzene type is around 22000 mol-1 dm3 cm-1. Excitation into the π-π* 

absorption of the trans-form results in the population of the cis isomer with a quantum yield of about 0.4, 

while excitation into the n-π* transition of the cis form at approximately 450 nm populates the trans 

isomer with a quantum yield of about 0.25 [184]. Lifetimes of the cis state are typically on the order of 

hours, minutes, and seconds, for azobenzenes, aminoazobenzenes, and pseudo-stilbenes, respectively 

[185, 186]. Energy barrier for thermal isomerisation is on the order of 90 kJ/mol [185, 186]. 

In general, the photo-physical relaxation dynamics in azobenzene monomers can be influenced by several 

factors. These factors can be internal, such as substituents on the azobenzene chromophores, chemical 

structure effect, electron withdrawing and donating groups on the chromophore or external factors which 



 

 
- 21 - 

results from the procedure used for the studies e.g. solvent effect and temperature. Some notable 

internal/external effect influences are shown in the studies of different azophenol derivatives [187] (Table 

4 entry 1), where upon using different solvent systems in the photo-relaxation process, different 

isomerisation times were obtained for the same azo molecule. Mono- para- and di-substituted 

azophenols were investigated, where both mono- and para-substituted azophenols exhibited fast thermal 

isomerisation kinetics in ethanol at 298 K with relaxation times of 205 and 306 ms, respectively. The 

relaxation times for these two azocompounds remarkably increased in toluene by four orders of 

magnitude up to 31 and 28 min, respectively. The para-di-substituted azophenol also showed a similar 

behaviour: relaxation time of 33 min and 306 ms in toluene and ethanol was respectively reported.  

Moreover, the chemical structure of the azobenzene photochrome was also shown to affect the photo-

physical relaxation of the azo-monomers [188]. A change in the substitution pattern (e.g. ortho-, meta- 

and para- substitution) of the groups on the aromatic benzene ring affected the photo-physical relaxation 

of the monomers. Thus the photo-relaxations of an ortho-methyl hydroxy-substituted azopyridinium salt 

and para-methyl hydroxy-substituted azopyridinium salts showed relaxation times of 150 µs and 33µs 

respectively. This showed that a change in the chemical only from an ortho to para arrangement of the 

substituents on the aromatic benzene ring had a significant influence on the relaxation dynamics of the 

azo-monomer. Table 4 shows some other selected factors on the photo-relaxation of the azobenzene 

monomers.  

 

Table 4: The influence of internal/external factors on the photo-relaxations of azobenzene monomers.  

Factors influencing the photo-relaxation dynamics Reference 

 1) Solvent effects on photo-relaxation of different azophenol derivatives 
 

 

                          

N N

HO

H

N N

HO

OCH3

N N

HO

OH

 
Ethanol            τ  = 205 ms              τ  = 306 ms                     τ  = 265 ms 
Toluene            τ  = 31 min              τ  = 28 min                     τ  = 33 min 
 

 

[189] 

 2) Chemical structure effect on on photo-relaxation of azopyridinium salts in 

ethanol 
 

N N N N

N

N

CH3

CH3

I

I

HO
HO  

τ  = 150 μs                                  τ  = 150 μs 

 

 

 
 

 

[188] 
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 3) Ortho- and para-pyridine substitution effect on photo-relaxation in ethanol and 

ethanol/phenol solvent mixute 

 

                                        

N N N N

N

N

HO
HO  

 

Ethanol                          τ  = 14 ms                                  τ  = 49 ms 

Ethanol + PhOH            τ  = 1.4 ms                                 τ  = 11 ms 

 

[188] 

  4) Ortho- and para-pyridine substitution with additional electron withdrawing 

effect on photo-relaxation in ethanol and ethanol/phenol solvent mixute 

                                   
 

                                          

N N N N

N

N

HO
HO

NO2

NO2

 
Ethanol                          τ  = 1.4 ms                                  τ  = 2.9 ms 

Ethanol + PhOH            τ  = 644 μs                                 τ  = 1.1 ms 

 

[188] 

 5) Chemical structure effect on on photo-relaxation of different azoderivatives in 

ethanol 

 

N N

RO

OAC

N N

RO

OCH3

N N

RO

OR

N N

RO

H

R = C6H11

 
τ  = 49 h                      τ  = 13 h                          τ  = 12 h                      τ  = 70 h 
 

 
 

[189] 
 
 
 
 
 

 
 
 
 
 
 

 
 
 
 
 
 

 
 
 
 
 
 

 
 
 
 
 
 

 
 
 
 
 
 

 
 
 
 
 
 

 
 
 
 
 
 

 
 
 
 

 6) Electron-withdrawing effects on photo-relaxation of different azophenol 

derivatives in ethanol 
 

                             

N N

HO

H

N N

HO

CN

N N

HO

NO2

 
                         τ  = 205 ms                τ  = 27 ms                     τ  = 4.6 ms 

[188] 
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1.7.2 Photo-physical relaxation dynamics of azobenzene polymers 

The photo-physical relaxation dynamics of azobenzene polymers, in general, have been reported for 

polymers having several alkyl branched chains, aryl rings and liquid crystals [190, 191]. Upon 

incorporating azobenzene photochromes into these polymers, different noticeable characteristic 

properties result. For example, polymers possessing azo backbone groups are identified to have a rate 

constant of about   l0-8 s-l for the trans-cis isomerisation [192] in solution, which usually increases in the 

solid state. It must be pointed out that aromatic azo compounds, in contrast to aliphatic azo compounds, 

are rather stable with respect to photochemical decomposition. The quantum yield for decomposition of 

azobenzene incorporated into polymers is estimated to be less than 10-3 [192-194].  

Azo polymers in dilute solutions are also shown [195-198]  to behave similarly to low molecular weight azo 

monomers. An example is shown in the synthesis and photochemical investigations of a series of 

polyaromatic ureas with pyridine moieties [196, 197]. Absorption maxima at approximately 400 nm and ε 

value of 6.43 x l04 mol-1 dm3 cm-1 were exhibited by these compounds. The reported activation energies 

for the cis-trans thermal isomerisation of the polymers suggested similar energy barriers to lower 

molecular weight monomer and polymer analogs. No difference in the activation energies among the 

different azo-polyureas and the azo monomers were observed.  Similar results have been obtained from 

the studies of the rate of photo-isomerization of highly diluted polymers and their low molecular weight 

analogs [199-201].  

Other interesting properties observed upon incorporation of the azobenzene chromophores into 

polymers are the changes that result in their geometry [202-204]. For example, the introduction of 

azobenzene photochromes into the main chain of poly(para-phenylene) backbones, led to changes in the 

shape of the azo-polymer upon irradiation [205]. The embedded photoswitches acted as hinges, which 

upon light-induced isomerization led to reversible shrinking and stretching of the polymer backbone. 

Thus, rigid poly(para-phenylene)s displayed large twist angles along its polyaromatic backbone leading to 

an 86 % overall cis content. Also, the introduction of azobenzene photochromes into the core of spherical 

dendrimers  [206] was reported to result into (quasi)isotropic nano-objects that displayed significant 

changes in the hydrodynamic volume upon photoirradiation. Moreover, changes in the shape and 

aggregate size of photoresponsive azo-micelles were also shown [207-211] to result in a photo-induced 

deformation of the azo-polymeric aggregates leading to clustering effect of the micellar particles [211].  

Furthermore, some properties like structural changes [205, 212, 213], solubility changes [214-216], 

crystallization [204, 217], photoswitchable phase changes [218], and phase separation (or reversal of 

phase separation) [219] have been observed in many azobenzene incorporated polymers. Also, significant 

changes in the thermal properties such as the glass-transition temperature (Tg) have been 

photochemically modulated, causing photoinduced solid-to-liquid transitions [220] and changes in the 

porosity by the photoisomerization [221]. 
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1.8 Stabilization of cis-trans back relaxation of azobenzenes in the dark 

Obtaining a bistable cis/trans isomers of azobenzene compounds is of significant interest to most 

researchers, as these allow their application not only in material sciences but also in life sciences, 

particularly in the field of photopharmacology (the development of drugs that can be activated by light 

and possibly auto-deactivate over time [222, 223]), and for the control of neuronal activities [224]. Cis-

trans back conversion in azobenzenes is a photoreaction process that causes the rearrangement of the 

electronic and the nuclear structure of the molecule without any bond breaking [98]. If the cis-to-trans 

back reaction is induced by visible-light excitation instead of thermal reactions, the formation of phenyl 

radicals may occur and dediazotation can be observed [225]. This has been shown in the 

photodecomposition of aliphatic azo compounds [226-229] investigated in both liquid and gas phase, 

where the major products derived were methyl and substituted methyl radicals and a molecule of 

nitrogen. Stabilization of the thermal cis-to-trans back reaction of azobenzenes has been investigated and 

established [177, 230, 231] to depend on the chemical architecture of the system; that is the 

chromophore type [232-234], the type of attachment of groups (polymers, molecules) to the 

chromophore, glass transition temperature (Tg) and crystallinity of the components attached [177, 230, 

231]. Thus, stabilization of the switched cis isomer is accomplished mainly by the design of the 

chromophore used in the photoirradiation process.  

Introduction of steric effects like macrocyclic strains [99, 233, 235-244] in azobenzenophanes is one 

standard strategy employed in stabilizing the cis isomer. Very high steric strains in some instances are 

shown to an extent of even compensating the sterical demand of the cis-isomer, which then becomes the 

thermally most stable isomer. Examples of this steric effect influence on the cis-isomer are shown in the 

photoswitching studies of azobenzenophane, 5,6-dihydrodibenzo[1,2]diazocine bridged by ethylene linker 

in the ortho position (Figure 7) [240]. The cis-isomer after the switch became the thermally most stable 

form due to the high distortion in the trans-isomer. A thermal lifetime of up to 15 h was reported for the 

cis-form (Table 5, entry 2), with switching efficiency of about 90 % of the cis-form to trans-form using blue 

light at λ ≈ 370-400 nm.  

 

                     

N N
N

N

cis-isomer trans-isomer

370-400 nm

480-550 nm

 

Figure 7. Thermally most stable cis-form of azobenzenophane (Figure redrawn from citation [240]).  

 

Another interesting example of steric effect stabilization of azobenzenes is also found in the investigations 

of macrocyclic azobenzenes [99], where a change in the structure of the azobenzenophanes had a strong 

influence on the stability and photochromism of the synthesized chromophores (Table 5, entry 3-4). Two 

macrocycle azobenzenophanes with different tethers were prepared; one macrocycle bridged by two 

thioether tethers and the other modified macrocycle consisting of malonic acid ester containing a C3 

linker and one thioether linker. The unmodified macrocycle showed shorter cis half-life (within days), 
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whiles the modified macrocycle showed half-life of over one year. A nearly 100 % photochemical trans to 

cis conversion was achieved upon irradiation at 366 nm. With this complete photochemical conversion 

and high stability of both isomers, the system was suitable and satisfied the requirements for optical 

storage devices. Moreover, photoinduced molecular hinges [233, 236, 241] where the (trans, trans)-

isomer showed a flat geometry, with the (cis, cis)-isomer showing a bent structure with an angle of 112° 

was also shown to stabilize the cis isomer upon switching (Table 5, entries 5-6). The bent (cis, cis)-isomer 

was found to be exceptionally stable with a lifetime of 6.4 years. The lifetime of the intermediate mixed 

isomer (trans, cis)-isomer was however found to be only 2.73 min as a result of the high distortion 

between mixed (trans, cis) conformers.  

Stabilization of the cis-isomer via electronic effects is one other strategy employed in recent times to 

obtain cis-isomers with longer lifetimes. Half-lives of about two years for the cis-isomer has been 

measured at room temperature for some F4-azobenzenes [109, 205, 212, 213, 245]. Many 

experimentalists [109, 205, 212, 213, 245] have utilized this chromophore in several materials and life 

science applications to proof the cis-isomers of the F-azobenzenes to stabilize from hours to days 

depending on the attached functional groups to the chromophore and the number of the F-atoms on the 

chromophore. The higher the number of the F-atoms, the more stabilized the cis-isomer observed (Table 

5, entries 7-11).  A pure unmodified azobenzene (Table 5, entry 1) was reported to have a cis half-life of 4 

h, which was observed to increase to 25 h upon introducing only two fluorine atoms on the aromatic 

benzene ring (Table 5, entry 8). The stabilization effect even increased further from 92 h to 95 h after 

introducing four and six fluorine atoms respectively, proving a strong influence by fluorine electrons on 

the stabilization of the generated cis-isomer. 

 

Table 5. Thermal half-lifes (t1/2) of the cis-isomers of different stabilized azobenzenes.  

Entry Azobenzene structure Solvent and wavelength for 
trans-to-cis conversion 

Half-life (t1/2)  cis-
form 

1 [245] 

N

N

 
 

MeCN, λ = 365 nm 4 h 

2 [240] 

N
N

 
 

n-hexane, λ = 480-550 nm 15 h 

3 [99] 
N

N

S
S

N
N

 
 

Benzene, λ = 365 nm 5 days 

4 [99] 
N

N

C
S

N
N

O

O

O

O

 

Benzene, λ = 365 nm 1 year 

5 [236, 241] 

N
N

N
N

O
O

tBu

tBu
tBu

tBu  

Chloroform, λ = 366 nm >14 days 
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6 [233] 
N

N

N
N

O
O

 
 

Toluene, λ = 366 nm 6.4 years 

7 [205, 212, 
213, 245] N

N

F

F

F

F

O

O O

O

 
 

MeCN, λ > 500 nm 15 h 

8 [205, 212, 
213, 245] 

N

N

F

F

 
 

MeCN, λ > 500 nm 25 h 

9 [205, 212, 
213, 245] N

N

F

F

F

F

O

O

 
 

MeCN, λ > 500 nm 30 h 

10 [205, 212, 
213, 245] N

N

F

F
F

F

 
 

MeCN, λ > 500 nm 92 h 

11 [205, 212, 
213, 245] N

N

F

F

F

F

F

F

 

MeCN, λ > 500 nm 95 h 
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2.0 SCOPE OF THESIS 

2.1 Aim of the work 

The overall aim of this work is to investigate crystallization in designed homo- and copolymers. To this 

endeavour, various azobenzene functionalized copolymers, and supramolecular block copolymers were 

designed and synthesized for the purpose of crystallization studies. In general, the introduction of an 

organic molecule or another polymer to a crystalline polymer is expected to have a high impact on the 

crystallization behavior. This effect will be critically looked at in this thesis, focusing on the final crystal 

structural inclusion, and morphology in block copolymers. The thesis is also targeted at understanding the 

switching dynamics of reversible cis-trans isomerisation of azobenzene polymers in solution and in the 

solid state.  

For the crystallization studies two different types of polymers, azobenzene copolymers, and 

supramolecular block copolymers, with distinctive molecular weights are aimed to be synthesized. 

Azobenzenes are selected as the constituent co-units to react with a polymer to explore the role of the 

reversible cis-trans isomerisation of the final functionalized polymers in solution and in the solid state.  

Different synthetic methods and conditions are required to achieve the designed products in an efficient 

process. An elaborative characterization of the products will be performed via spectroscopic methods. 

Once the accuracy of the structures is confirmed, further investigations can be conducted to monitor their 

thermal behavior as well as other physical properties (photoswitching, relaxation). 
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Figure 8. Schematic representations of the structure of the designed azobenzene copolymers (A), 

supramolecular block copolymers (B), and defect inclusion of designed azobenzene polymers (C)  
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Also, the supramolecular combination of one crystallizable (PCL) and one amorphous (PS) block, reversibly 

bound together, is an entirely new system with attractive mechano-physical properties. The special 

feature of this system is that due to the very high glass transition temperature of poly(styrene) (PS, Tg ≈ 

100 °C) this block is considered as hard barrier, which should serve as a restrictive block on the PCL 

crystallization.  

 

2.2 Concept 

As already described in the aim, the thesis encompasses the design and synthesis of azobenzene-

functionalized copolymers and supramolecular block copolymers that will be used for crystallization 

studies. For this purpose reminiscent poly(ethylene) (obtained from ADMET polymerization), poly(Ɛ-

caprolactone) (from ROP), and poly(styrene) (from ATRP) with different molecular weights were chosen as 

polymers for the crystallization studies. The synthetic concept of this research consists of two main parts: 

synthesis of azobenzene copolymers; poly(Ɛ-caprolactone)-based azobenzenes, precision ADMET 

poly(ethylene)-based azobenzenes and synthesis of supramolecular block copolymers; poly(Ɛ-

caprolactone)-b- poly(styrene). 

 

Part 1: synthesis of azobenzene copolymers; poly(Ɛ-caprolactone)-based azobenzenes and precision 

ADMET poly(ethylene)-based azobenzenes 
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Scheme 2.1: General pathway toward the synthesis of the designed poly(Ɛ-caprolactone)-based 

azobenzenes  
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Scheme 2.1 illustrates the possibility through which a post-functionalization of a polymer (2) with 

azobenzene chromophores (5, 6) can be achieved via “azide-alkyne click chemistry,” resulting in the 

azobenzene copolymers (7 and 8).  
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Scheme 2.2: General pathway toward the synthesis of the designed precision ADMET poly(ethylene)-

based azobenzenes 

 

Scheme 2.2 illustrates the proposed pathway for designing a polymer with an expected sharper recycling 

of the cis/trans isomerisation of the azobenzene units. Azobenzene copolymers (14) were obtained 

following the direct polymerization of a symmetric α,ω-azobenzene diene (12) via ADMET, to obtain 

polymers with precisely placed azobenzene moieties in the olefin chains of the polymer (13). The ADMET 

approach circumvents the random nature of branching in polyethylene with the elimination of chain 

transfer processes. Importantly, the design of the symmetrical α,ω-azobenzene diene monomer obviates 

the ethylene comonomer reactivity ratio problems and ensures the precise placement of defects 

(azobenzenes) along the polymer chain. Preparations of unsaturated copolymers, where both the identity 

of the defect and its position are known without equivocation, are achieved via this approach. 

Subsequent hydrogenation of the copolymers with p-toluenesulfonhydrazide should yield fully saturated 

azobenzene copolymers (14) that will be used for the crystallization studies. 

The results of this part of the thesis can be found in the first  to third section  of  the  Result  and  

Discussion  part  dealing  with  the  “Click chemistry” promoted post-functionalization of a polymer unto 

an azobenzene chromophore unit  (Appiah, C.; Siefermann, K. R.; Jorewitz, M.; Barqawi, H.; Binder, W. H., 

RSC Adv. 2016, 6 (8), 6358-6367), direct polymerization approach of a symmetric α,ω-azobenzene dienes 

(Appiah, C.; Woltersdorf, G.; Binder, W. H., Polym. Chem. 2017, 8, 2752-2763) and crystallization studies 

of the precisely placed azobenzene copolymers (Appiah, C.; Woltersdorf, G.; Pérez-Camargo R. A.; Müller 

A. J.; Binder, W. H., Eur. Polym. J. 2017, accepted). 
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Part 2: synthesis of supramolecular block copolymers; poly(Ɛ-caprolactone)-b- poly(styrene) 
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Scheme 2.3. General pathway toward the synthesis of the designed of supramolecular block copolymers; 

poly(Ɛ-caprolactone)-b- poly(styrene)  

 

Supramolecular block copolymerss having one amorphous block (PS) and one semi-crystalline block (PCL) 

were synthesized for the purpose of studying the crystallization behavior of the semi-crystalline PCL 

polymer. As depicted in Scheme 2.3, to obtain such supramolecular block copolymers it was necessary to 

insert an alkyne moiety to the selected PCL chains, which was carried out via the design of the initiator in 

the polymerization reaction (i’) to yield polymers with alkyne moieties. Meanwhile, the amorphous PS 

block was synthesized via ATRP and functionalized with sodium azide to obtain an azido-functionalized PS-

block (19). All synthesized products were characterized by means of NMR spectroscopy. The accuracy of 

the structures was proven via MALDI-ToF Ms measurements. The synthesized polymers were 

subsequently modified with different organic compounds (thymine (15) and 2,4-diaminotriazine (20) via 

azide/alkyne click reactions (ii’ and iv’). A solvent blending of the two functionalized polymers at room 

temperature yielded the supramolecular block copolymers (22). Furthermore, the supramolecular block 

copolymers were subjected to SAXS, POM and DSC measurements to study their crystallization behaviors. 

The results of this part of the thesis can also be found in the fourth section  of  the  Result  and  Discussion  

part  dealing  with  supramolecular hydrogen bonding interactions between the PCL and PS blocks 

(Appiah, C.; Akbarzadeh, J.; Peterlik, H.; Binder, W. H., Eur. Polym. J. 2015, 64 (0), 138-146). 

 



 

 - 31 - 

3.0 RESULTS AND DISCUSSION 

3.1 Synthesis and Characterization of new Photoswitchable Azobenzene-containing poly(ε-

caprolactones). 
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Abstract: A novel and efficient strategy in obtaining series of mono- and bi-armed azobenzene-containing poly(ε-

caprolactone)s is described, starting from a commercially available azobenzene dye via azide/alkyne-"click"-

reactions. The attachment of alkyne-telechelic poly(ε-caprolactone)s (1 kDa and 3 kDa), followed by 

chromatographic separation allowed the attachment of either one or two PCl-chains to either side of the 

azobenzene-dye. The resulting mono- and bi-armed photo-switchable polymers are fully characterized by 2D-NMR 

techniques and show a high thermal stability. In particular, liquid chromatography at critical conditions (LCCC) 

coupled to ESI-TOF allowed to prove presence of either one or two polymer chains affixed onto the central 

azobenzene dye.  

 

Introduction 

Polymeric based molecular switches have recently 

attracted much interest due to their wide range of 

applications ranging from nanomedicine such as affinity 

separations, enzyme recovery and drug delivery [1,2] to 

industrial applications including storage [3]  and 

communication elements in optical devices [4]. The 

output of such a photoresponsive polymeric materials 

mainly depends on a complex interplay between the 

chromophores [5] (e.g. an azobenezene dye), the 

morphology of the polymeric network (amorphous, 

semicrystalline and liquid crystalline) [3a], the 

thermomechanical properties of the material (glassy or 

rubbery state modulus), and the molecular geometry of 

the sample [6]. Thus, e.g. reversible solubility of 

azobenzene polymers [7] or reversible contractions of 

RSC Adv., 2016, 6, 6358 
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thin films [8] (see also e.g. the work of Eisenbach [9] and 

Blair [10]) have been reported, stressing the importance 

of photochemically switchable polymers.  The 

photoresponsive properties of azobenzene-containing 

polymers are based on the photo-induced fast and 

reversible isomerization between trans- and cis-isomers 

of the azobenzene moiety upon exposure to UV or 

visible light, which can trigger significant changes in the 

physicochemical properties of the corresponding 

polymeric materials [11-13]. Similar to C=C double  

bonds, the azobenzenes display two geometric isomers 

(cis and trans) around the N=N double bond [14], where 

the trans isomer is the more stable isomer. 

Isomerization to the cis-isomer is accomplished upon 

irradiation at a wavelength of ~320-350 nm. Due to the 

reversibility of this reaction, the trans-isomer can be 

easily recovered by irradiating the cis-isomer at a 

wavelength of 400-450 nm or via pure thermal 

relaxation [14]. These two photochemical reactions 

usually occur on picoseconds scales, while the thermal 

relaxation from cis- to trans-isomer is much slower 

(milliseconds to days) [15-17] It is important to mention 

that after the photo-isomerization process, 

characteristic changes in the physical properties of the 

two isomers affect the molecular geometry and the 

dipole moment of the dye [15, 16] Thus the attachment 

of polymeric chains onto the azobenzene in 

consequence leads to additional effects of the 

optoelectronic and relaxation properties of the dye [18, 

19] often influenced by the value of the chemical linkage 

between the azo-dye and the polymer chain [19]. It has 

been demonstrated that the linkage between the azo 

chromophore and the polymer backbone can restrict 

both, the molecular mechanical properties and the 

motion of the azo-groups [20]: polymers linked via a 

rigid attachment to the azo chromophore can confine 

both, the chromophore’s motion and its subsequent re-

orientation, but also can induce an increased stability of 

the formed cis-isomer after the light has been turned off 

[20]. A large number of publications has been dealing 

with the influence of the polymeric chains on the 

physicochemical properties of the azo moiety [21-23] , 

such as an elongation of the cis-lifetime [24, 25]. 

Lamarre and Sung [25] have studied the physical ageing 

and molecular motion of azochromophoric labels 

attached to the main chain poly(urethane)s, showing a 

lifetime of 4 days after switching to the cis-form. 

Furthermore, the conformational strain of macrocyclic 

azo compounds has also been used to lock the cis form 

for days [24, 26]. Intermolecular interactions, such as 

hydrogen bonds to generate cyclic structures can also 

lead to largely increased lifetimes of the cis-form of up 

to ~40 days [27].  

Several synthetic strategies have so far been reported in 

obtaining azobenzene polymers either via the direct 

polymerization of a monovinyl azo monomer [28, 29], or 

via a postfunctionalization of a polymer onto an azo-dye 

[2b, 30]. Based on this methodology both, side-chain 

[31] and main-chain [32] azobenzene polymers have 

been prepared, resulting in different architectures like 

block- [32,33] , brush- [34, 35] , star- [36] and dendritic- 

[37-39]
 

polymers. Besides a direct polymerization of 

suitable monomers, the subsequent attachment of 

azobenzenes onto polymer matrices [40, 41] or the 

covalent attachment of polymers onto azobenzenes [42, 

43]
 

has been reported. Despite the many reported 

methodologies, not always the expected polymers were 

obtained [44-46] , often due to some setbacks in their 

preparation and purification.  

We hereby report an efficient strategy in preparing a 

series of azobenzene containing poly(ε-caprolactone)s 

by chemical modification of a commercially available 

azobenzene dye into poly(ε-caprolactone) backbone 

with different molecular weights (see Fig. 1). The 

chemical separations and purification of the resulting 

azobenzene polymers are described in details. 
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Figure 1. Isomerization of azobenzene polymers 

 

Experimental  

Materials  

All chemicals used for the synthesis were purchased 

from Sigma-Aldrich and CHEMOS chemicals. ε-

Caprolactone was stirred and distilled over calcium 

hydride (100 °C, 10 mbar). Tin(II)-2-ethylhexanoate and 

5-hexyn-1-ol were also purified via the distillation 

procedures in the literature [47, 48]. Cu(I)Br was stirred 

for 2 days in acetic acid/anhydride, washed with dry 

diethyl ether several times, and dried in vacuo under an 

argon atmosphere. N,N-Diisopropylethylamine (DIPEA), 

N,N-dicyclohexylcarbodiimide (DCC), N,N-

dimethylamino-4-pyridine (DMAP) and 2,2´-bipyridine 

were used without further purification. Tetrahydrofuran 

(THF) was predried over sodium hydroxide (NaOH) for 

several days followed by heating over 

sodium/benzophenone and final distillation under an 

argon atmosphere before use.  

 

Measurements 

NMR spectroscopy was recorded on a Varian Gemini 

2000 FT-NMR spectrometer (400 MHz). Chloroform 

(99.8 atom % D) and dimethyl sulfoxide-d6 (99.9 atom % 

D) were used as solvents, using MestrecC software 

version 4.7.0.0 for the FIDs analysis. Chemical shifts (δ) 

were recorded in parts per million (ppm) and referenced 

to residual protonated solvent (CDCl3: 7.26 ppm (
1
H), 

77.0 ppm (
13

C), (CD3)2SO: 2.54 ppm (
1
H), 39.52 ppm (

13
C); 

coupling constants (J) are given in Hertz (Hz) using 

standard abbreviations (s = singlet, d = doublet, t = 

triplet, m = multiplet). 

GPC measurements were conducted on a Viscotek 

GPCmax VE 2001 with a Styragel linear column GMHHR. 

THF was used as a carrier solvent at 1 mL/min at room 

temperature. The sample concentration was 

approximately 3 mg/mL. Poly(styrene) standards (in the 

range of 1050-1,870,000 g/mol) were used for 

conventional external calibration, using a Waters RI 3580 

refractive index detector at 35 °C.  

FTIR spectra were recorded with a Brucker Vertex70MIR 

spectrometer using an ATR Golden Gate unit with a 

diamond crystal. The scan number was 32 scans per 

spectrum with a resolution of 2 cm
-1

.  

MALDI-TOF-MS was done on a Bruker Autoflex III 

Smartbeam using a nitrogen laser source (λ = 337 nm) in 

reflection and linear modes. The polymer samples were 

dissolved in THF at a concentration of 20 mg/mL; 1,8,9-

anthracenetriol in THF (20 mg/mL) was used as matrix 

material; sodium trifluoroacetate (NaTFA) in THF (20 

mg/mL) was used as salt. The solutions of the polymer, 

the matrix, and the salt were mixed in a volume ratio of 

100:20:2 and 2 µL of this mixture were spotted on the 

MALDI target plate. The instrument was calibrated with 

a poly(ethylene glycol) standard (Mp = 2000 g/mol) using 

a quadratic calibration method. 

ESI-TOF MS measurements were carried out on a 

Brucker Daltonics microgel time-of-flight LC-MS system. 

Spectra were recorded in a positive mode with an 

accelerator voltage of 4.5 kV, a transfer line with 190 °C 

and a scan range of 50-7000 m/z at the spectral rate of 1 

Hz. The spectra were processed on Brucker Daltonics ESI 

compass 1.3 for microTOF (Data Analysis 4.0). Samples 

were prepared by dissolving 1-5 mg of the respective 

compound in 1 ml mixture of THF/methanol (92/8).  

HPLC measurements were performed on Elite LaChrom 

HPLC, Hitachi VWR, equipped with an autosampler, a 

quaternary gradient pump, a degasser, a diode array 

detector (UV-DAD) operating at 190 – 900 nm and a 

column oven with temperature control (temperature = 

20 °C). Temperatures were maintained constant ( 0.2 

°C) throughout all experiments, and the in ected sample 
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volume was 30 μ .  iquid chromatography at critical 

conditions ( CCC) was carried out on a non polar 

reversed-phase Atlantis-RP C18 column, 100  , 5μm, 

dimension 4.6×250 mm; methanol/DCM = 8/92 was 

used as the mobile phase with a flow rate of 0.30 

mL/min. The DAD signals were recorded on EZchrom 

Elite software version 3.3.2 SP2 with an operating 

wavelength from 190 to 900 nm at a sampling width of 

200 ms to obtain sufficient data points across peaks. 

 

Synthesis of alkyne-functionalized PCL (PCL-alkyne).  

Alkyne-functionalized PCL was prepared via coordination 

insertion ring opening polymerization (ROP) using e-

caprolactone as a monomer, 5-hexyn-1-ol as an initiator, 

and tin(II) 2-ethylhexanoate (Sn(Oct)2) as a catalyst 

according to the literature
[246]

. Briefly, a Schlenk flask 

was carefully dried by heating (500 °C), purged with 

argon, cooled down, charged with the initiator 5-hexyn-

1-ol (55 µL, 5.0 x 10
-4

 mol), adding the catalyst tin (II) 2-

ethylhexanoate (6.0 x 10
-6

 mol, 2 µL), and a solvent 

mixture of 3 mL toluene and 1 mL THF. This mixture was 

stirred at room temperature for 30 min to promote the 

complex formation between catalyst and initiator. 

Afterward, the solution was treated with ε-caprolactone 

(3 mL, 0.026 mol) and stirred at 110 °C for 3h. Finally, 

the product was dissolved in dry DCM (10mL) and 

precipitated into cold methanol (150 mL), filtered off 

and dried under vacuum overnight. 

1
H-NMR (400 MHz, CDCl3, δ, ppm, PC -alkyne3, DP = 29): 

4.04 (t, 59H, J = 6.7 Hz), 3.63 (t, 2H, J = 6.5 Hz), 2.28 (t, 

59H, J = 6.7 Hz), 1.94 (t, 1H, J = 2.6 Hz), 1.65 (m, 118H), 

1.38 (m, 59H). 
13

C-NMR (100 MHz, CDCl3, δ, ppm, PC -

alkyne3): 173.4, 64.1, 34.1, 28.3, 25.5, 24.4.   

 

Synthesis of 4-(azidobenzamido)-4'-(amino) 

azobenzene (2) and 4,4'-bis(benzamido) azobenzene (3) 

To a solution of 4,4'-bis(amino)azobenzene (1) (1 mol  

eq.) and DIPEA  (2.2 mol  eq.) in THF  at  0  °C  was added 

4-azidobenzoyl chloride (3 mol eq.) dissolved in THF. The 

mixture was stirred for 30 min, and finally warmed to 

room temperature with constant stirring for 24 h. The 

obtained crude product was  filtered and purified  via  

column  chromatography  (DCM / ETOAc 3:1,  Rf  values: 

4,4'-bis(benzamido)  azobenzene = 0.82, 4-

(azidobenzamido)-4'-(amino)azobenzene = 0.61).  

Alternatively [49] into a dried and nitrogen purged flask 

was added a solution of 4-azidobenzoic acid (2 mol eq.) 

and DCC (1 mol equiv.) in THF (5 ml). The mixture was 

stirred for 6 h at 0 °C to form bis-azidobenzoic 

anhydride. In a second dried round bottom flask a 

solution of 4,4'-bis(amino)azobenzene (1 mol equiv.) and 

DMAP (0.5 mol equiv.) in THF (5 ml) were added. The 

two solutions were then mixed and stirred at room 

temperature for 48 h. The obtained crude product was 

purified in a similar faction as the previous method.    

1
H-NMR (400 MHz, DMSO, δ, ppm, 2): 10.42, (s, 1H), 

8.04 (d, 2H, J = 8.03 Hz), 7.93 (d, 2H, J = 8.23 Hz), 7.76 (d, 

2H, J = 8.30 Hz), 7.63 (d, 2H, J = 8.81 Hz), 7.28 (d, 2H, J = 

8.02 Hz), 6.66 (d, 2H, J = 8.12 Hz), 6.00 (s, 2H). 
13

C-NMR 

(100 MHz, DMSO, δ, ppm, 2): 165.0, 152.9, 148.8, 143.3, 

140.8, 131.6, 130.2, 125.3, 122.8, 120.9, 119.5, 113.9.  

1
H-NMR (400 MHz, DMSO, δ, ppm, 3): 12.95, (s, 2H), 

7.95 (d, 8H, J = 8.35 Hz), 7.20 (d, 4H, J = 8.48 Hz), 5.58 (d, 

4H, J = 8.03 Hz). 
13

C-NMR (100 MHz, DMSO, δ, ppm, 3): 

207.0, 157.1, 131.6, 119.5. 

IR (cm
-1

, 3): 3385.8, 3074.8, 2989.9, 2811.2, 2703.9, 

2407.8, 2119.8, 1649.9, 1601.9, 1420.5, 1345.1, 1313.2, 

1180.0, 1129.4, 1098.1, 1067.9, 1037.7, 930.6, 851.2, 

822.5, 773.8, 689.5, 570.5. 

 

Synthesis of 4-(poly(ε-caprolactone)-benzamido)-4'-

(amino)azobenzene (polymer-1a and polymer-1b)  and 

4,4'-bis (poly (ε-caprolactone)-benzamido)azobenzene 

(polymer-2a and polymer-2b) 

The functionalization of PCL with 4-(azidobenzamido)-4'-

(amino)azobenzene and 4,4'-bis(benzamido) azobenzene 

was conducted via an azide/alkyne click-reaction, using 

2,2'-bipyridine as base and Cu(I)Br as a catalyst. The 

reaction was accomplished in a one-necked flask 

carefully dried and purged with argon. Alkyne-
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functionalized PCL (PCL-alkyne) (1 mol equiv) and azide-

functionalized azobenzene dyes (4 mol equiv.) were 

dissolved in 6 mL of dry THF, then a solution of 2,2'-

bipyridyl (20 mol equiv) in dry THF (2 mL) was added via 

a syringe and the mixture was degassed with argon for 

30 min to remove oxygen. Subsequently, a catalytic 

amount of Cu(I)Br (1 mol equiv) was weighed into the 

flask. The flask was closed with a septum, and the 

mixture was degassed again with argon for another 30 

min. The reaction proceeded for 24 h by stirring at 80 °C. 

Afterwards, the reaction mixture was cooled down to 

room temperature and the product was purified by 

chromatography via a silica gel packed column (ethyl 

acetate:DCM 1:3). The crude product was dissolved in 10 

mL of DCM, slowly added into methanol (200 mL) and 

left overnight for complete precipitation. The 

precipitation step was repeated two more times to 

completely remove the excess of the azide-

functionalized azobenzene dyes and the 2,2'-bipyridine, 

which are all well soluble in methanol. The pure 

products were filtered off and dried under vacuum for 3 

days (yields: 1a = 71 %, 1b = 75 %, 2a = 50 % and 2b = 58 

%) 

1
H-NMR (400 MHz, DMSO, δ, ppm, polymer-1b): 10.55, 

(s, 1H), 8.70, (s, 1H), 8.17 (d, 2H, J = 8.03 Hz), 8.07 (d, 2H, 

J = 8.23 Hz), 7.96 (d, 2H, J = 8.30 Hz), 7.77 (d, 2H, J = 8.81 

Hz), 7.64 (d, 2H, J = 8.02 Hz), 6.66 (d, 2H, J = 8.12 Hz), 

6.00 (s, 2H), 4.30 (t, 2H, J = 6.5 Hz), 3.98 (t, 65H, J = 6.7 

Hz), 3.28 (t, 2H, J = 6.4 Hz), 2.74 (t, 2H, J = 6.1 Hz), 2.24 

(t, 65H, J = 6.7 Hz), 1.54 (m, 130H), 1.28 (m, 65H). 

1
H-NMR (400 MHz, DMSO, δ, ppm, polymer-2b): 8.58, (s, 

4H), 8.08 (m, 8H), 7.85 (m, 8H), 4.32 (t, 4H, J = 6.0 Hz), 

3.94 (t, 238H, J = 5.9 Hz), 3.31 (m, 4H), 2.72 (m, 4H), 2.24 

(t, 238H, J = 6.7 Hz), 1.54 (m, 476H), 1.28 (m, 238H). 

IR (cm
-1

, 2b): 3475.6, 2945.9, 2866.1, 2439.6, 1802.6, 

1727.9, 1646.4, 1451.1, 1344.6, 1315.4, 1185.5, 1108.6, 

1044.1, 963.1, 812.9, 741.7. 
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Scheme 1. Synthetic approach for the modified 

azobenzenes (2 and 3) and the polymer incorporated 

azobenzenes (polymer-1 and polymer-2). 
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Table 1. Results of the synthesis of PCL-alkynes and the PCL-functionalized azobenzenes 

Samples Mn  (NMR) (g/mol) DP
a
 (NMR) Mn (GPC)

 b
 

(g/mol) 
Mw/Mn (GPC) Yield

c
 (%) 

PCL-alkyne1 1111 9 985 1.2 95  

PCL-alkyne3 3306  
 

29 2900  
 

1.1 98 

polymer-1a 1920 
 

9 1700 1.4 71 

polymer-1b 3800 29 3220 1.2 75 

polymer-2a 2850 18 2500 1.4 50 

polymer-2b 7200 58 7100 1.1 58 

a
Degree of polymerization obtained via NMR spectroscopy,

 b
Corrected molecular weight from GPC (correction factor 

= 0.59),
 c
Isolated yields after purification

Results and Discussion 

Synthesis of photoswitchable PCL-azobenzene 

polymers 

Conceptually, we planned to address possible synthetic 

strategies for obtaining switchable mono-functional 

polymers (polymer-1) and bi-functional polymers 

(polymer-2) via a grafting-to approach by ``click-

chemistry`` (see Scheme 1). For this purpose, 

polymerization of ε-caprolactone using a coordination 

insertion ring opening polymerization[246] method was 

carried out as described in the experimental section. 

Subsequently, the polymers were attached to azido 

functionalized azobenzene dyes via the azide/alkyne 

“click” reaction *50-51]. The developed synthetic route is 

presented in Scheme 1. The first step for the synthesis of 

the photoswitchable polymeric compounds was an 

amidation reaction between a commercially available 

azobenzene dye (1) and 4-azidobenzoylchloride in the 

presence of a base (DIPEA) to yield a mono-substituted 

4-(azidobenzamido)-4'-(amino)azobenzene (2) and a di-

substitued 4,4'-bis(benzamido) azobenzene (3). Click-

chemistry between the dyes (2 and 3) and an already 

synthesized PCL-alkyne (Table 1) with varying molecular 

weights (1000 g/mol and 3000 g/mol) were performed in 

THF to yield the products (polymer-1a, polymer-1b, 

polymer-2a and polymer-2b) respectively. After several 

purification techniques including column 

chromatography, precipitation, extraction, the final 

purified products were characterized using HPLC, ESI-

TOF-MS, MALDI-TOF-MS, IR, 
1
H-NMR, 

1
H-

1
H-COSY NMR 

and GPC techniques. 
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Figure 2. 
1
H-NMR spectra of all the synthesized compounds; a) 4-(azidobenzamido)-4'-(amino) azobenzene (2), b) 

4,4'-bis(benzamido) azobenzene (3),  c) 4-(poly(ε-caprolactone)-benzamido)-4'-(amino)azobenzene (polymer-1b),  d) 

4,4'-bis (poly (ε-caprolactone)-benzamido)azobenzene (polymer 2b). 

Characterization of the photoswitchable PCL-

azobenzenes 

The structures of all the photoswitchable PCL-

azobenzenes were initially confirmed by GPC and 
1
H-

NMR. The GPC curves were monomodal with  

molecular weight distributions of 1.2-1.4. Figure 2 shows 

the 
1
H-NMR spectra of the synthesized compounds 

including the photoswitchable PCL-azobenzenes. All 

compounds showed the expected resonances in the 

NMR spectroscopy. Importantly the molecular weights 

from GPC and NMR of the photoswitchable PCL-

azobenzenes matched well, proving a complete 

endgroup transformation of the compounds (Table 1).  

The degree of the end functionalization was obtained by 

comparing the intensity of the signal `h` and signal `j` for 

the case of the mono-armed photoswitchable polymer-1 

and the peaks `d` and `c` for the bi-armed 

photoswitchable polymer-2.  The result showed the 

completeness of the `click` chemistry. The structures 

were further confirmed by FTIR spectroscopy 

(supporting information), in which the vibration peaks of 

–OH and –NH– (the broad peak at around 3475 cm
-1

) 

both shifted to higher wavenumbers compared to their 

starting precursors (< 3300 cm
-1

).  
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Figure 3. Expanded proton homonuclear correlated 2-dimensional 1H-1H COSY NMR of polymer-1b. 

 

Two-dimensional H/H COSY NMR analysis of the 

photoswitchable azobenzene polymers 

Based on the complexity of the photoswitchable PCL-

azobenzene polymers, we conducted 2D-NMR 

techniques, including 
1
H-

1
H COSY NMR. Figure 3 shows 

the proton homonuclear correlated 2-dimensional 
1
H-

1
H 

COSY NMR of polymer-1b. The backbone azobenzene 

moiety of this photoswitchable polymer could be traced 

through its J-coupling [52]. In the H,H-COSY of polymer-

1b, a long-range coupling by arrangement of protons are 

observed between the doublet at 7.77 ppm (2H, J= 8.81 

Hz) and the doublet at 6.66 ppm (2H, J= 8.12 Hz). The 

upfield shifted benzylic doublet is assigned to the 

protons ortho- to the amide functionality (i.e., 2H, 

signal-e) whereas the low field doublet is assigned to the 

protons ortho- to the amine group (i.e., 2H, signal-h).  

The aromatic benzylic protons are associated to their 

neighboring protons via a 1,3 bond with a strong J-

coupling distance of about ~8.03 Hz. Protons a, b and i 

are being separated by their neighboring protons via a 

weak 1,4 bonding interaction and therefore show a very 

weak coupling effect, thus, appearing as singlet in the 

spectrum. While the coupling behavior of the mono-

armed polymer-1 is well observable in the COSY 

spectrum, the bi-armed polymers (polymer-2) are 

significantly more difficult to resolve. The signals appear 

as multiplets instead of individual doublet structures 

(see Figure 2d and supplementary). The COSY 

correlations helped to precisely assign the protons of the 

compounds observed in the 1-dimensional 
1
H-NMR 

especially in the mono-armed polymers and to further 

confirm the obtained structures (Fig. 4). 
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Figure 4. Main 2D-H/H-COSY correlations of polymer-1b and polymer-2b. The colored double headed arrows 

represent the long and short range couplings of protons from the H,H-COSY analysis, with the red ones showing the 

weak 1,4 coupling interactions. 

   

Figure 5. (a) Full MALDI-TOF-MS spectrum of polymer-1a and polymer-2a and (b) measured and simulated patterns 

of different series observed. 

 

 
 

MALDI-TOF-MS of polymer-1a MALDI-TOF-MS of polymer-2a 
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MALDI-TOF MS and ESI-TOF MS analysis of the 

photoswitchable azobenzene polymers. 

In order to prove the expected chemical composition of 

the photoswitchable polymers, a straight forward 

MALDI-TOF-MS analysis was conducted. Figure 5, depicts 

the MALDI-TOF spectra of the photoswitchable 

polymers. Three main series are observed for polymer-

1a, while polymer-2a shows four series. Each series 

shows a difference of 114 units, corresponding to the 

PCL repeating unit and is observed to be PCL containing 

the photoswitchable azobenzene dye moiety with 

different ions attached. According to Figure 5 the signal 

appearing at 2161.9 g/mol can be simply assigned to a 

PCL containing the photoswitchable dye moiety with the 

chemical formula [C109H165N7O30Ag]
+
 (with n = 14), while 

the signal at 2131.0 g/mol can be represented by 

[M+2K]
+2

. The signal at 2115.7 g/mol is also identified by 

the chemical formula [M+Na+K]
+2

. 

However, to fully proof the structures being presented 

in scheme 1, we embarked on ESI-TOF MS investigations 

to further support the chemical composition of the two 

photoswitchable polymers. Figure 6 and Figure S12 

(supplementary information) show detailed spectra of all 

the different series of polymer-1a and polymer-2a. 

Whereas the monofunctional polymer-1a shows a single 

charged state, the bifunctional polymer-2a shows 

multiple charged states (+1, +2 and +3 ions). All the 

observed peaks were successfully simulated to match to 

the corresponding species. Thus e.g. the isotopic peaks 

of polymer-2a at m/z value of 723.37 g/mol correspond 

to fragments generated during the analysis (see 

supplementary information for the fragmented 

structures). 

 

 

Figure 6. ESI-TOF MS spectra of the bifunctional 

photoswitchable polymer-2a, showing the observed and 

simulated signals. 

 

The isotopic peak at m/z= 2036.20 g/mol with a charge 

state of +2 is observed to correspond to the species 

[M+H+CH3OH]
+2

, while the molecular ions peak at m/z = 

1283.75 g/mol is identified as the high charge state of 

+3, corresponding to the species [M+2Na+H]
+3

. The 

proof of an existence of a purely mono-armed polymer 

(polymer-1) and a bi-armed polymer (polymer-2) was 

evident from the presence of one detected 1,2,3-triazole 

group (C2HN3) and two detected 1,2,3-triazole groups 
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(2C2HN3) for polymer-1 and polymer-2 respectively. 

From the measured and simulated pattern results, it was 

obvious that the ESI-TOF analysis truly confirmed the 

structures of the compounds being presented. 

 

One-Dimensional Liquid Chromatography (SEC and 

HPLC) and UV-VIS investigations 

SEC analysis  

The photoswitchable polymers as well as the alkyne-

functionalized PCL samples were examined using 

conventional size exclusion chromatography (calibrated 

against PS standards) and HPLC analysis at LCCC 

conditions [53] (methanol:DCM = 8:92). Figure 7 shows 

the GPC traces of the photoswitchable polymers -1b and 

-2b as well as the alkyne-functionalized PCL precursors 

(PCL-alkyne3). The peak maximum of the polar sample 

polymer-1b shifted slightly towards higher retention 

time (Rt = 8.12 min) compared to the retention time of 

polymer-2b (Rt = 7.74 min). The symmetric monomodal 

distribution nature of the curves with different retention 

times, coupled to an exact match of the Mn values from 

NMR and GPC allowed the conclusion that the 

investigated samples were highly pure and were void of 

contaminants from their starting precursors.   

 

Figure 7. SEC traces ofPCL-alkyne3, polymer-1b and 

polymer-2b. 

 

HPLC analysis Chromatographic techniques involving 

HPLC analysis at critical conditions[247]
,
[248] for the 

attached PCL-chains (methanol:DCM = 8:92, using non 

polar reverse phase Atlantis-RP C18 column) were 

furthermore conducted to confirm the purity of the 

obtained compounds, mainly to prove whether the 

structures presented in Scheme 1 were truly void of 

contaminants from their starting precursors and also not 

a mixture of the respective mono- and bi-substituted 

products. Figure 8 shows the HPLC separation 

chromatogam of polymer-1b and -2b, as well as their 

starting precursors (2 and 3). The elution peaks of both 

polymer-1b and polymer-2b are well separated from 

each other. Polymer-2b elutes at a retention time of 

10.2 min, 2.7 min higher than the retention time of 

polymer-1b. This difference is basically due to the PCL-

unit being attached to the both ends of polymer-2b. 

Thus, incorporation of the PCL group onto both ends of 

polymer-2b reduces its polarity and hence leads to 

increased interaction within the Atlantis column, 

thereby resulting in higher retention times. The elution 

times of the polymers with similar functionalities (e.g. 

polymer-2a and -2b) were nearly the same, proving the 

LCCC conditions at these experiments. 

 

 

Figure 8. LC-UV traces analysis of the purified PCL-

azobenzene polymers at LCCC conditions. 

 

LC/ESI-TOF MS analysis. Gradient elution profile 

technique was also developed to characterize the 

azobenzene polymers (Figure 9). This technique involves 

the coupling of a liquid chromatography (LC) at LCCC 

conditions to an ESI-TOF MS source [53, 54]. Thus the LC 

method separates the polymers based on their 
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functionality at a specific retention time. The separated 

polymers subsequently enters directly into the ESI-TOF 

MS source for detailed structure elucidation: if mixtures 

with the polymers should be present (thus, e.g. possible 

contaminants in the case of our investigated samples or 

mixtures of bi-armed and mono-armed samples and 

azobenzene compounds 1, 2 and 3), then different peaks 

from the LC chromatogram should result, leading to a 

mixture of different structures in the ESI-TOF MS 

spectrum and thus a more complex spectrum. 

 

 

Figure 9. (a) LC-ESI-TOF-MS of polymer-2a indicating the purity of the sample. (b) Comparison between the 

measured and simulated isotopic pattern of a doubly charged species (Rt = 10.2 min) proving the final structure. 

However, in the case of e.g. polymer-2a, one observes a single LC chromatogram (Figure 9a) and the recorded ESI-

TOF MS spectrum (Figure 9b), demonstrating a functionality distribution of the polymer with repeating units of 114 

g/mol, 57 g/mol and 38 g/mol assigned to a singly, doubly and triply charged desorbed ion states respectively. In all 

peaks of the ESI-TOF only one species, indicative of the bifunctional structure of polymer-2a could be detected.    
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Figure 10. 2D LC/SEC plots of (a) polymer-1a and 

polymer-2a showing separation based on their 

functionalites and (b) polymer-1a and polymer-2a with 

similar endgroup functionalities showing no noticeable 

changes in their LC-retention volumes, but a significant 

difference in their molecular weight in SEC. 

 

Multidimensional chromatography (2D-LC/ SEC) of the 

photoswitchable polymers. 

2D LC/SEC experiments were also conducted on the 

azobenzene polymers (see Figure 10) with different 

molecular weights and end group functionalities. Figure 

10b shows the experiments on polymer-1a and -1b, 

having similar end group functionalities but different 

molecular weights. Thus on the LC-trace one observes 

nearly equal elution volume for the two polymers at 

~0.97 mL retention volume. This show the experiments 

are under LCCC conditions and the retention times of 

the polymers at this point are independent on the 

molecular masses. Thus changes in the functionalities of 

the compounds should be the only means to result in a 

noticeable shift in the 2D contour diagram. Hence a 

comparison between polymer -1 and -2 having different 

endgroup functionalities should result in a significant 

change in the retention times. Figure 10a shows a 

comparison of polymer-1a and -2a having different 

endgroup functionalities. The experiments unveiled a 

complete separation of the two photoswitchable 

polymers based on their functionality type distributions. 

Thus, as polymer-1a elutes at retention volume of 0.97 

mL, polymer-2a elutes at 1.43 mL retention volume, 

which clearly indicates that the two polymers were 

different in terms of their functionalities and also proves 

the structures presented in scheme 1 to be pure and 

void of contaminants from each other.  

 

Conclusion 

We here report a simple and efficient synthesis to obtain 

mono- and bi-armed azobenzene-containing polymers 

using ``click`` chemistry. The mono- and bi-armed PCL-

azobenzene polymers were synthesized using the copper 

catalyzed azide-alkyne Huisgen cycloaddition reactions, 

attaching different molecular weights, ranging from 

1000 g/mol to 7000 g/mol, onto the azobenzene-

backbone. The structure of the mono- and bi-armed  

polymers was proven via chromatographic techniques 

(HPLC under LCCC-conditions, LC/ESI-TOF MS) as well as 

2D H/H COSY NMR experiments, also proving the purity 

of all of the samples and the excellent separation of the 

mono-armed polymers (polymer 1) from the bi-armed 

polymers (polymer 2). The investigated samples showed 

a significant thermal stability, when compared to their 

starting PCL-alkyne precursors.  
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Abstract: We report the synthesis of a straightforward and efficient strategy to obtain azobenzene functionalized 

linear unsaturated/saturated oligomers. Using mild reaction conditions and different ruthenium-based catalysts, the 

azobenzene moieties are presisely placed in olefin chains via acyclic diene metathesis (ADMET) reaction (Mn,SEC = 3.0 

kDa-8.0 kDa). Subsequent hydrogenation reactions with p-toluenesulfonhydrazide, yields the fully saturated 

azobenzene oligomers, which are thoroughly chaacterized by 
1
H-NMR, FTIR and liquid chromatography under critical 

conditions (LCCC). The obtained saturated and unsaturated azobenzene oligomers are proven to form micelles in 

solution, where their sizes and morphologies are characterized by DLS and TEM. As a result of photo-isomerisation 

from the trans to cis state, the aggregates reduce in size, which is accompanied by a visible change of the solution 

from turbid to clear.  

 

Introduction 

Photoswitchable moieties in oligomers/polymers 

such as azobenzenes [1], have become essential 

elements to induce solid/liquid transition [2-4], 

changes in phase transition [5-7] or induce surface 

gratings in thin films [8-14].  

One of the most interesting among the properties of 

such chromophores is their readily induced and 

reversible trans–cis photoisomerization of the azo 

bond [15-22] and the geometric changes that result 

Polym. Chem., 2017, 8, 2752 
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when the azo chromophores are incorporated into 

polymers and other materials [23-29].  

These changes in shape and aggregate size of 

photoresponsive azo-micelles have been 

demonstrated [30-34], and in most instances, the 

self-assembled azo-polymers is proven to reduce in 

size upon switching from the trans to the cis state. A 

large number of photo-responsive self-assembled 

systems based on azobenzene and macrocycles has 

also been shown in dual stimuli-responsive self-

assembly supramolecular nanoparticles based on 

the ternary host-guest complexation between 

cucurbituril [35], a methyl viologen polymer, and 

mono- and multivalent azobenzene functionalized 

molecules [36].   

This reversible isomerisation process has also been 

shown [37-39] to depend mainly on the 

chromophore type, the type of attachment of 

groups to the chromophore, the glass transition 

temperature (Tg), and the crystallinity of 

components attached to the azo group. Thus, based 

on these findings, considerable work has gone into 

the stabilization of these cis isomers. Notable among 

these studies is e.g. the macrocyclic strain in 

azobenzenophanes reported by the group of 

Tamaoki [40-42], who prepared photoinduced 

molecular hinges where the (trans,trans)-isomer 

shows a flat geometry, while the (cis,cis)-isomer has 

a bent structure with an angle of 112 °. The bent 

(cis,cis)-isomer was found to have an exceptionally 

long lifetime of 6.4 years. The lifetime of the 

intermediate mixed isomer (trans,cis)-isomer was 

however found to be only 2.73 min as a result of the 

high distortion between mixed (trans,cis) 

conformers. The use of fluorinated (F)-azobenzenes 

thus has become a major breakthrough in the 

stabilization of the cis-isomer of azobenzene. A half-

life of 2 years for the cis-isomer has been measured 

at room temperature for some azobenzenes [43]. 

The group of Bléger [16, 20-22, 44] has utilized this 

chromophore in several applications to proof the 

stability of the cis-isomers in F-azobenzenes, by 

increasing the lifetime from hours to days 

depending on the attached functional groups to the 

chromophore and the number of F-atoms on the 

chromophore. 

So far, a significant number of azo-molecules with 

various architectures have been developed through 

diverse methods; i.e. either through direct 

polymerization of a monovinyl azo monomer [45, 

46], or through post-functionalization of a polymer 

onto an azo-chromophore [14, 47]. Based on these 

methodologies both side-chain [48-52] [249] and 

main-chain [53-60] azobenzene polymers have been 

prepared. However, to the best of our knowledge, 

the preparation of precise oligomers/ polymers 

containing azo-functional groups and subsequent 

hydrogenation to obtain semi-crystalline 

oligomers/polymers having azobenzene moieties 

within the main chain has not been exploited so far, 

presumably due to the tedious chemistry needed to 

preserve the azo-chromophore upon hydrogenation 

and/or the time-consuming complicated purification 

procedures.  

We hereby describe a novel synthetic approach 

using ADMET technique, to introduce repetitive 

azobenzenes into olefins, targeted to the generation 

of saturated and unsaturated azo-oligomers. We 

also show the successful hydrogenation of the 

azobenzene containing olefins with a precisely 

defined structure, to demonstrate that the azo (-

N=N-) bond survives both, the metathesis and the 

subsequent hydrogenation chemistry. Furthermore, 

we address the photoresponsive behavior of the 

azobenzenes and their aggregation state in solution.  
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Scheme 1. Synthesis of fluorinated and non-fluorinated azo-monomers and subsequent ADMET polymerization of 

the monomers using Grubbs or Grubbs-Hoveyda catalyst and final hydrogenation of the polymers using p-

toluenesulfonhydrazide. 

 

Experimental 

Materials 

All chemicals used for the synthesis were purchased 

from Sigma-Aldrich and CHEMOS chemicals. N,N-

dicyclohexylcarbodiimide (DCC), and N,N-

dimethylamino-4-pyridine (DMAP) were used as 

such without further purification. Tetrahydrofuran 

(THF) was predried over sodium hydroxide (NaOH) 

for several days followed by heating over 

sodium/benzophenone and final distillation under 

an argon atmosphere before use. Toluene was 

heated over sodium/benzophenone and distilled 

under an argon atmosphere. Dichloromethane and 

dimethylformamide were distilled over calcium 

hydride under nitrogen atmosphere before use. 

 

General Experimental Methods  

Most of the reported syntheses were carried out 

under a nitrogen atmosphere. Products were 

purified by chromatography on silica gel (200-400 

mesh). Analytical thin-layer chromatography (TLC) 

was performed on precoated silica gel glass plates 

(silica gel, 0.25 mm thickness). The compounds were 

visualized with a UV lamp or the treatment with an 

oxidizing reagent comprised of cerium (IV) sulphate 

tetrahydrate, sulphuric acid and water, followed by 

heating. The synthesis of the azo-compound (1b) 

was accomplished according to previous reports [13, 

39] (see supplementary information). 
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Characterization 

1
H-, 

13
C- and 

19
F-NMR spectra were recorded on a Varian 

spectrometer (Gemini 400) at 400 MHz at 27 °C. CDCl3 

(Armar AG, 99.8 Atom%D) was used as solvent and 

tetramethylsilane was used as internal standard. The 

coupling constants were given in Hz, the chemical shifts 

in ppm, and referred to the solvent residue peak [CDCl3 

7.26 ppm (
1
H) and 77.0 ppm (

13
C)]. For the interpretation 

of the spectra, MestReNova v. 6.0.2–5475 was used.  

For Gel permeation chromatography (GPC) 

measurements, a Viscotek GPCmax VE 2002 with an 

HHRH Guard-17369 and a GMHHR-N-18055 column in 

tetrahydrofuran (THF) was used. 100 μ  of 1 mg m 
−1

 

samples were injected at 22 °C. Detection was carried 

out with a Viscotek VE3580 RI detector at 35 °C and a 

flow rate of 1 mL min
−1

. Polystyrene standards with 

molecular weights of 1050, 2790, 6040, 13 400, and 29 

600 g mol
−1

 were used for external calibration. 

Matrix-assisted laser desorption/ionization time-of-flight 

mass spectrometry (MALDI-ToF-MS) measurements 

were performed on a Bruker Autoflex III system (Bruker 

Daltonics) operating in reflection and linear modes. Data 

evaluation was carried out with the aid of the 

DataAnalysis software package. Ions were formed by 

laser desorption (smart beam laser at 355, 532, 808, and 

1064 ±5 nm; up to 2500 Hz repetition rate), accelerated 

by a voltage of 20 kV and detected as positive ions. The 

matrix solution was prepared by mixing trans-2-[3-(4- 

tertbutyl phenyl)-2-methyl-2-

propenylidene]malononitrile (DCTB) in THF at a 

concentration of 20 mg mL
−1

. The Salt solution was 

prepared by dissolving lithium trifluoroacetate (LiTFA) in 

THF at a concentration of 20 mg mL
−1

. The samples were 

dissolved in THF at a concentration of 20 mg mL
−1

. The 

solutions of the matrix, the analyte, and the salt were 

mixed in a volume ratio of 25:5:1 and 1 μ  of each 

mixture were spotted on the MALDI target.  

HRMS (ESI) measurements were carried out on a 

Brucker Daltonics microgel time-of-flight LC-MS 

system. Spectra were recorded in a positive and 

negative mode with an accelerator voltage of 4.5 kV, 

a transfer line with 190 °C and a scan range of 50-

2000 m/z at the spectral rate of 1 Hz. The spectra 

were processed on Brucker Daltonics ESI compass 

1.3. The sample preparation was performed by 

dissolving 1-5 mg of the respective compound in 1 

mL mixture of acetonitrile.  

High performance liquid chromatography (HPLC) 

measurements were performed on Elite LaChrom  HPLC,  

Hitachi  VWR instrument,  equipped with an 

autosampler, a quaternary gradient pump, a degasser, a 

diode array detector (UV-DAD) operating at 190-900 nm, 

and a column oven with temperature control 

(temperature = 25  °C). The temperature was maintained 

constant (± 0.2 °C) throughout the experiment, and the 

in ected sample volume was 10 μ . The samples were 

prepared by dissolving a few mg in the solvent mixture 

(ACN/THF = 8/92), with annealing at 150 °C to obtain a 

complete dissolution. The analytes were later switched 

using UV-light with 300 nm wavelength to generate 

essentially the trans-form. Liquid chromatography at 

critical conditions (LCCC) was subsequently carried out 

on a non-polar reversed-phase Atlantis-RP C18 column, 

100  , 5μm, with dimensions of 4.6 mm × 250 mm using 

ACN/THF  =  8/92 as the mobile phase with a flow rate of 

0.50 mL/min. The DAD signals were recorded using the 

EZchrom Elite software package with an operating 

wavelength from 190 to 900 nm at a sampling width of 

200 ms to obtain sufficient density of data points to 

resolve the peaks. 

FTIR spectra were recorded on a Brucker Vertex70MIR 

spectrometer using an ATR Golden Gate unit with a 

diamond crystal. The scan number was 32 scans per 

spectrum with a resolution of 2 cm
-1

.  
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Differential scanning calorimetry (DSC) 

measurements were carried out on a NETZSCH DSC 

204F1 Phoenix, which was calibrated with indium, 

tin, bismuth, and zinc. Samples with a mass of about 

5-8 mg were placed into a standard aluminium pan 

and nitrogen was used as purge gas. Netzsch 

Proteus-Thermal Analysis (version 5.2.1.) was used 

for the interpretation of the obtained data. For the 

melting point measurements, the samples were 

heated with a heating rate of 10°C/min to 180 °C, at 

an annealing time of 10 min, and cooled down 

slowly to -50 °C with a cooling rate of 10 °C/min.  

The melting temperature was evaluated from the 

peak maximum of the heating run.  

UV-VIS absorption spectra were measured on a Jasco V-

670 UV/VIS/NIR spectrometer. The thickness of the 

optical cells for the measurement was 10 mm. The 

irradiation was performed using high power (300 mW) 

UV light (300 nm) and green light (520 nm) light emitting 

diodes (LEDs) mounted at a distance of 5 mm from the 

window of the optical cell in the sample chamber of the 

spectrometer.  

Dynamic Light Scattering, DLS measurements were 

performed in THF solution at a concentration of 3 

mg/mL on a Viscotek 802 using an OmniSIZE software. 

 

Synthesis of symmetric non-fluorinated azobenzene 

diene monomer (2a) and fluorinated azobenzene diene 

monomer (2b) 

The synthesis of compound (2a and 2b) was 

achieved based on a modified procedure from 

literature [57-58]. Briefly, to an azobenzene 

chromophore ((1a: 5 g, 18.5 mmol) or (1b: 5 g, 14.6 

mmol)) in a Schlenk flask, 10-decenoic acid (8.1 g, 

51.8 mmol), and DMAP (0.54 g, 4.4 mmol) were 

added. Distilled DMF (50 mL) was added and the 

mixture was then purged under a nitrogen 

atmosphere for 2 h. EDCI (8.5 g, 44.4 mmol) was 

subsequently added at 0 °C with rapid stirring under 

a counter flow of nitrogen. Afterwards, the reaction 

mixture was allowed to warm to room temperature 

and stirred for 120 h. The obtained crude mixture 

was poured into water and extracted with ethyl 

acetate. It was finally purified on a silica gel column 

(DCM:ethylacetate 1:4) to yield a yellowish viscous 

compound (2a, 65 % and 2b, 55 %).   

1
H-NMR (2a, CDCl3): δ(ppm) 8.14-8.33 (m, 4H, o-

ArH-N=N-ArH), 7.65-8.04 (m, 4H, m-ArH-N=N-ArH), 

5.73-5.78 (m, 2H, CH2=CH), 4.89-5.00 (m, 4H, 

CH2=CH), 4.30 (t, J = 6.7 Hz, 4H, CH2OCO), 1.98-2.00 

(t, J = 7.4 Hz 4H, CH2=CHCH2), 1.70-1.74 (dd, J= 7.3 

Hz,  2.2 Hz, 4H, OCOCH2CH2), 1.28-1.42 (m, 

20H,CH2).  
13

C-NMR (2a, CDCl3): δ(ppm) 173.2, 155.1, 

139.9, 132.8, 130.3, 123.9, 115.8, 67.7, 33.4, 30.8, 

25.9. IR (2a): 2917, 2850, 1701, 1638, 1596, 1384, 

1014, 832. HRMS (ESI) calcd for C34H47N2O4 ([M+H]
+
) 

547.3563, found 547.3530. 
1
H-NMR (2b, CDCl3): 

δ(ppm) 7.07-7.33 (m, 4H, m-ArH-N=N-ArH), 5.75-

5.85 (m, 2H, CH2=CH), 4.90-5.00 (m, 4H, CH2=CH), 

3.64 (t, J = 6.6 Hz, 4H, CH2OCO), 2.00-2.06 (m, 4H, 

CH2=CHCH2), 1.52-1.59 (dd, J = 7.6 Hz, 2.4 Hz, 4H, 

OCOCH2CH2), 1.29-1.37 (m, 20H,CH2). 
13

C-NMR (2b, 

CDCl3): δ(ppm) 173.2, 156.6 (d, J = 5.0 Hz), 153.2 (d, 

J = 5.1 Hz), 139.9, 135.2, 130.3, 116.5, 111.5, 67.7, 

33.4, 30.8, 25.9. 
19

F-NMR (2b, CDCl3): δ(ppm) -118 

(d, J = 6.1 Hz), -119 (d, J = 8.5 Hz).  IR (2b, cm
-1

): 

3328, 3102, 2925, 2854, 1701, 1640, 1600, 1424, 

1349, 1091, 994, 839. HRMS (ESI) calcd for 

C34H43F4N2O4 ([M+H]
+
) 619.3663, found 619.3654. 

 

ADMET oligomerization of the azobenzene monomers 

(2a and 2b) 

In a nitrogen-filled Schlenk tube containing a 

solution of the appropriate catalyst in 0.1 mL of 

degassed toluene was subjected to three freeze 

vacuum thaw cycles. A degassed solution of the 
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diene monomer (2a or 2b, 0.2 mol, (250:1 monomer 

to catalyst ratio)) in 0.4 mL of toluene was 

subsequently added to the schlenk flask, degassed 

for additional 30 min, and stirred for 120 h at 100 °C. 

The polymerization was finally quenched by adding 

ethyl vinyl ether (0.5 mL) with additional stirring for 

30 min. The crude solution was precipitated in 

excess methanol, and the precipitate was isolated 

by filtration, dried in vacuo to give the unsaturated 

azobenzene oligomers (3a and 3b). 

1
H-NMR (3a, unsaturated H-AP3, CDCl3): δ(ppm) 

8.14-8.33 (m, 4H, m-ArH-N=N-ArH), 7.65-8.04 (m, 

4H,m-ArH-N=N-ArH), 5.28-5.41 (m, 2H, CH=CH), 

4.17-4.30 (m, 4H, CH2OCO), 1.98-2.00 (m, 4H, 

CH2=CHCH2), 1.70-1.74 (m, 4H, OCOCH2CH2), 1.28-

1.42 (m, 20H,CH2). 
13

C-NMR (3a, CDCl3): δ(ppm) 

173.1, 155.2, 139.8, 132.1, 130.8, 123.8, 118.1, 66.3, 

35.7, 29.8, 25.5. IR (3a, unsaturated H-AP3, cm
-1

): 

2917, 2850, 1701, 1638, 1596, 1384, 1014, 832. 
1
H-

NMR (3b, unsaturated F-AP3, CDCl3): δ(ppm) 7.07-

7.33 (m, 4H, m-ArH-N=N-ArH), 5.29-5.45 (m, 2H, 

CH=CH), 3.61-3.64 (m, 4H, CH2OCO), 2.00-2.06 (m, 

4H, CH2=CHCH2), 1.52-1.59 (m, 4H, OCOCH2CH2), 

1.29-1.37 (m, 20H,CH2). 
13

C-NMR (3b, CDCl3): δ(ppm) 

172.1, 156.6 (d, J = 5.1 Hz), 154.2 (d, J = 5.2 Hz), 

137.8, 135.2, 132.1, 131.3, 125.2, 117.6, 63.4, 33.1, 

29.4, 25.6. -117 (d, J = 5.1 Hz), -119 (d, J = 7.5 Hz). 

19
F-NMR (3b, unsaturated F-AP3, CDCl3): δ(ppm): -

117 (d, J = 5.1 Hz), -119 (d, J = 7.5 Hz).  IR (3b, 

unsaturated F-AP3): 3328, 3102, 2925, 2854, 1701, 

1640, 1600, 1424, 1349, 1091, 994, 839. 

 

 

 

Hydrogenation reaction of the fluorinated and non-

fluorinated azobenzene oligomers (4a and 4b). 

Based on the literature [62, 63], a dried and nitrogen 

filled one-necked flask equipped with a magnetic stir 

bar and a reflux condenser was filled with a highly 

degassed solution of the unsaturated ADMET 

oligomer (3a or 3b, 100 mg),                     p-

toluenesulfonhydrazide (3 mol eqv.) N,N-

diisopropylethylamine (3 mol eqv.) and  N,N-

dimethylformamide (DMF) (6 mL). The reaction 

mixture was heated to 120 °C under vigorous stirring 

for 6 h. It was then allowed to cool down to room 

temperature. The solvent was removed in vacuo, 

and the obtained saturated oligomers were 

precipitated in methanol (yield ~ 75 %, 4a: melting 

point (DSC) = 145 °C and 4b: melting point (DSC) = 

157 °C). 

1
H-NMR (4a, saturated H-AP3, CDCl3): δ(ppm) 8.14-

8.33 (m, 4H, m-ArH-N=N-ArH), 7.65-8.04 (m, 4H, m-

ArH-N=N-ArH), 4.17-4.30 (m, 4H, CH2OCO), 1.98-

2.00 (m, 4H, CH2=CHCH2), 1.70-1.74 (m, 4H, 

OCOCH2CH2), 1.28-1.42 (m, 20H,CH2). 
13

C-NMR (4a, 

CDCl3): δ(ppm) 173.1, 155.2, 132.1, 130.8, 123.8, 

66.3, 35.7, 29.8, 25.5, 21.6, 17.7. IR (4a, saturated H-

AP3, cm
-1

): 2917, 2850, 1638, 1596, 1384, 1014, 832. 

1
H-NMR (4b, saturated F-AP, CDCl3): δ(ppm) 7.07-

7.33 (m, 4H, m-ArH-N=N-ArH), 3.61-3.64 (m, 4H, 

CH2OCO), 2.00-2.06 (m, 4H, CH2=CHCH2), 1.52-1.59 

(m, 4H, OCOCH2CH2), 1.29-1.37 (m, 20H,CH2). 
13

C-

NMR (4b, CDCl3): δ(ppm) 171.8, 157.4 (d, J = 5.1 Hz), 

154.5 (d, J = 5.3 Hz), 132.1, 131.3, 127.8, 63.6, 33.4, 

29.4, 25.8, 21.7, 17.8.  
19

F-NMR (4b, saturated F-

AP3, CDCl3): δ(ppm): -117 (d, J = 5.1 Hz), -119 (d, J = 

7.5 Hz).  IR (4b, saturated F-AP3): 3328, 3102, 2925, 

2854, 1640, 1600, 1424, 1349, 1091, 994, 839. 
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Table 1. Experimental conditions for the azo-oligomers using Grubbs first generation (G1), second generation (G2), 

third generation (G3) and Hoveyda-Grubbs first generation (GH1) catalysts. 

 
Run 

                     
Monomer 
nr.                     

 
Oligomer

a,b
 

 
Catalyst 

[monomer]0/ 
[cat.]0

d
 

 

Time 
/h 

Temp. 
/°C 

Mn,SEC
c
 

/g/mol 
 
Mw/Mn

c
 

Yield
e 

 
/% 

1 2a     - G1   
G3 

250/1 120 100 no 
polymer

 
-    - 

2 2a H-AP3 G2 250/1 120 100 2,850 1.5   35 

3 2a H-AP3 GH1 250/1 120 100 3200 1.3   67 

4 2a H-AP7 GH1 250/1 120 100 7200 1.7   52 

5 2b    - G1  
G3 

250/1 120 100 no 
polymer

 
- - 

6 2b F-AP3 G2 250/1 120 100 2,850 1.9   15 

7 2b F-AP3 GH1 250/1 120 100 3,160 1.6   42 

8 2b F-AP8 GH1 250/1 120 100 7830 1.4   58 

 
a 

N2 atmosphere; solvent, toluene; temperature, 100 °C.; monomer: azobenzenes; e.g. M.W.[monomer, 2b] = 618 

g/mol, [monomer]0/[cat.] = 4.0x10
-4

  mol L
-1

/ 1.6x10
-6

 mol L
-1

. 
b 

No defined endgroup for Mn determination 

from 
1
H-NMR, 

c,
Determined by SEC in THF using polystyrene standards. 

d
monomer-to-catalyst ratio.  

e
Isolated yields after purification. 

 

Results and discussion 

Monomer and ADMET oligomerization synthesis. 

Conceptually, cis-trans back isomerisation in 

azobenzenes mainly depends on the chromophore 

type; thus, different groups on the aromatic 

benzene ring affect the photochemical back 

conversion of the cis isomer in the dark. Based on 

this influence and our desire to obtain azobenzene 

systems having a more stable cis-form after 

switching, we strategically designed two different 

azo-monomers (2a and 2b see Scheme 1) containing 

hydrogen and fluorine atoms on the azobenzene 

chromophore. These different atoms on the 

aromatic benzene ring are expected to display a 

variable influence on the physicochemical properties 

of the azo-monomers (2a and 2b) and the final 

oligomer [20]. We subsequently accomplished the 

synthesis of the azo-monomers and the 

oligomerizations of the monomers based on 

modified procedures from literature [20, 57-58]. 

Figure 1 shows the 
1
H-NMR spectrum of the azo-

monomers and -oligomers. Starting from the azo-

monomers, we could explicitly assign all the 

observed resonances to the aromatic group (2a: 

8.14-8.33 and 7.65-8-04 ppm; 2b: 7.33 ppm), the 

terminal vinyl protons (~5.77 and ~4.93 ppm), and 

the methylene groups at (1.56-2.06 ppm). 

Furthermore, by using HRMS (ESI), we could proof 

the purity of the synthesized monomers (2a and 2b, 

see Figure S13-S15, Supporting Information), 

eliminating any presence of residual compounds of 1 

and the 10-decenoic acid. 
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Figure 1: 1H-NMR of the fluorinated azobenzenes (bottom three) and non-fluorinated azobenzenes (upper three). 

The numbers (iii and vi) show the azo-mononers (2a and 2b) (ii and v) show the unsaturated azo-oligomers (3a and 

3b) (i and iv) show the saturated azo-oligomers (4a and 4b). 

 

The obtained azo-dienes (2a and 2b) were further 

subjected to ADMET oligomerizations in solution, 

using toluene as solvent and stirring at 100 °C for 

120 h. Different ruthenium catalyst (Grubbs first 

generation (G1), second generation (G2), third 

generation (G3), and Hoveyda-Grubbs first 
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generation (GH1)) were investigated with respect to 

the yield and polydispersity of the azo-oligomers (3a 

and 3b). After several reactions with these catalysts, 

Grubbs second generation, and Hoveyda-Grubbs 

first generation catalyst were found to be the most 

efficient catalyst for the aforementioned reaction 

conditions. 

Yields in the range of 15-67 % were obtained. As 

already reported in the literature [64-67], 

ruthenium-based catalysts also catalyze non-

metathetic reactions, such as the isomerization of 

alkenes [68-70]. Table 1 summarizes the results 

obtained for the various oligomers. The molecular 

weights of the isolated oligomeric materials were in 

the range of 3,000-8,000 g/mol, and the substances 

were readily soluble in THF. The GPC-traces for the 

oligomers showed the expected monomodal peak 

with a surprisingly narrow molecular weight 

distribution of 1.4-1.9.  

The 
1
H-NMR spectra of the azo-oligomers (Figure 1), 

demonstrated the almost complete disappearance 

of the terminal double bonds (5.77 and 4.93 ppm) 

and a formation of the internal double bonds (5.39 

ppm) after an oligomerization time of 120 h. FTIR 

spectra for the azo-monomers and -oligomers (3a 

and 4a) are shown in Figure S1, displaying the 

absorption bands at 2917-2850, 1550, 1638, 1596 

and 1384, 1014-832 cm
1
, attributed to the 

stretching vibration of unsaturated/saturated C-H, -

N=N-, carboxyl, azobenzene, -C-O and out-of-plane 

bending vibrations of the aliphatic hydrocarbons 

respectively. The absorption bands of the oligomers 

proved that the oligomers have a similar backbone 

structure compared to the monomers, most 

importantly the presence of the N=N azo-bond.  

MALDI-ToF MS measurements were recorded to 

further elucidate the structures of the synthesized 

azo-oligomers (Figure 2 and S6). One main peak 

series was observed for the azo-oligomers, showing 

a mass difference of 590.65 g/mol and 518.70 

g/mol. This corresponded to the repeat unit of the 

azo-monomers 2b and 2a in the oligomeric chain, 

with a loss of ethylene unit (CH2=CH2). From Figure 

2, the signal at 3573.15 g mol−1 could be assigned to 

our linear oligomer. This also agreed with the 

calculated value of 3572.9 g mol−1 as an H adduct. 

In the MALDI spectra of compound 3a (Figure S6), 

one also observes some additional small peaks close 

to the linear oligomeric peaks. These signals were 

assigned to cyclic oligomers within our linear azo-

oligomers. For e.g. the signal at 2566.36 g/mol was 

assigned to a cyclic oligomer with a displaced 

ethylene unit (CH2=CH2) as a hydrogen adduct. The 

presence of these cyclic oligomers was highly 

probable from the mechanistic standpoint of ADMET 

reactions.  

 

Hydrogenation of the azo-oligomers 

Azo bonds (-N=N-) can easily be hydrogenated to 

hydrazobenzene, often even in the presence of oxygen. 

However, reformation of the azo bond can be 

accomplished by subjecting the hydrazobenzene to an 

oxidizing agent (e.g. tert-butylhypochlorite, t-BuOCl) in 

an N2 atmosphere [63a]. Never the less, the complete 

removal of oxygen from the reaction mixture was 

reported to retain the azo-bond, even under reaction 

with hydrazides [63] at elevated temperatures. Thus, 

hydrogenation of the olefinic double bonds of all our 

ADMET oligomers (3a and 3b) was conducted using p-

toluenesulfonhydrazide (TsNHNH2) and N,N-

diisopropylethylamine in DMF at 120 °C under a highly 

inert nitrogen atmosphere and a complete removal of 

oxygen from the reaction mixture. The NMR spectra 

(Figure 1i and iv) show the comparison of the oligomers 

before and after hydrogenation. We observed the 
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disappearance of the resonance peak at 5.39 ppm, 

assigned to the internal olefinic protons of the 

unsaturated oligomers after the hydrogenation reaction. 

This showed that saturated ethylene-based oligomers 

(4a and 4b) were produced after the exhaustive 

hydrogenation reaction. Also, the FTIR measurements of 

the saturated azo-oligomers, Figure S1, showed the 

disappearance of the characteristic band at 967 cm
-1

 

(out of plane olefin C-H wagging vibrational mode) for 

the olefinic internal double bonds, which also proved the 

conversion of the unsaturated to the saturated azo-

oligomers. The presence of the -N=N- bond could also be 

traced from the vibration band at ~1550 cm
-1

 in the FTIR 

spectrum to confirm the success of the hydrogenation 

reaction

 

  

Figure 2.  MALDI-ToF MS spectra of the unsaturated azo-oligomer (3b, run 7)  

 

Liquid chromatography at critical conditions (LCCC) 

[19] was conducted to further support the proof of 

the successful exhaustive hydrogenation 

transformation from the unsaturated 3a and 3b to 

the saturated azo-oligomers 4a and 4b. To this end, 

the azo-monomers (2a and 2b), the unsaturated 

oligomers (3a and 3b) and the saturated azo-

oligomers (4a and 4b) were subsequently 

characterized by LC at near-critical conditions 

(THF/ACN, 92/8, v/v at 25 °C). The results from the 

LC (Figure 3) showed different retention times for 

the two different azo-monomers and oligomers. 

Thus, while the non-fluorinated compounds (2a, 3a, 

and 4a) eluted at low retention times (in a range of 

8.8-9.6 min), the fluorinated compounds (2b, 3b, 

and 4b) on the other hand eluted at higher retention 

times (between 10.0-11.2 min). The difference in 

the retention times was due to the different azo-

chromophores for these two molecules. Most 

importantly, the retention times of the unsaturated 

azo-oligomers and the saturated azo-oligomers were 

different with a retention time difference of 0.63 

min (Figure 3; middle red and bottom blue). The 

elution peak of the unsaturated azo-oligomers was 

not present in the spectrum of the saturated azo-

oligomers, which further supports the successful 

transformation of the double bonds to single bonds 

within the oligomeric chains.  
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Figure 3. LC chromatograms at LCCC conditions for non-fluorinated azobenzenes (2a, 3a and 4a, left) and fluorinated 

azobenzenes (2b, 3b and 4b, right). Beginning from the top is the azo-monomer (2a and 2b black), unsaturated azo-

oligomer (3a and 3b, middle red, Mn =3000 g/mol,), 1/1-mixture of unsaturated and saturated azo-oligomer (middle, 

green), and saturated azo-oligomer (4a and 4b, bottom, Mn =3000 g/mol,) showing excellent separation based on 

their functionality. Runs 4 and 8 in Table 1 were used for this investigation. 

 

Azobenzene switchability in solution and the solid 

state.  

UV-VIS spectra of the bis-o-fluorinated-azo-

monomer (2b, Figure 4i) showed a π-π* absorption 

band at ~320 nm and an n-π* absorption band at 

~428 nm. Irradiation of the monomer in solution 

with green light (λ ~ 520 nm) decreased the intensity 

of the π-π* absorption band while the n-π* 

absorption band intensity increased slightly with a 

concomitant blue-shift of 13 nm. Contrary to our 

expectations, excitation by UV light (λ ~ 300 nm) 

shifted the two bands to their original position, 

implying that the cis azobenzene monomer was 

reversibly changed to the trans state. However, the 

intensity of the strongest absorption band 

recovered only partially to its initial value, 

suggesting that a portion of the cis form remained 

unchanged upon UV light excitation. Remarkably, 

the cis form of the fluorinated azo-monomer (2b) 

was stable over a period of ~14 h before a full 

recovery to the trans state was observed, whereas 

the cis form of the non-fluorinated azo-monomer 

(2a) recovered much faster within a period of 1 h 

(Figure 5).  
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Figure 4.  (i) UV-vis spectra of the green irradiated fluorinated azobenzene monomer (2b, 1.94 x 10-4 mol/L) in THF 

solution and melt sate for 1 h. trans (solution) peak is recorded at 0 min before switching, green irradiated (melt) 

and (solution) are the peaks for ~520 nm irradiation in the melt sate and solution state, and UV irradiated (solution) 

is the peak for 300 nm irradiation for the recovery of the trans isomer after the switching process. (ii) 1H-NMR 

spectra of the azo-monomer before irradiation and after irradiation. The broken arrows show the changes of the 

resonance of the cis peak after the irradiation process. 

 

The time profile of the azo-monomers 2a and 2b 

showed an exponential behavior and a fit by the 

function ΔAt = ΔAꚙ + ΔAo . e
-t/τ

 yielded a time 

constant of τ = 30 min (k = 1/ τ = 5.56 x 10
-4

 s
-1

) for 

monomer 2a and 164 min (k = 1/ τ = 1.02 x 10
-4

 s
-1

) 

for monomer 2b. The estimated energy of 

activation, ΔG
‡
 at 298 K for monomer 2b (Figure 

S17) was approximately 96 kJ/mol. The high stability 

of the cis state in the azo-monomer 2b has been 

demonstrated previously [20, 22] to result from the 

electron-withdrawing substitution ability of the two 

o-fluorine atoms. The change in the structural 

morphology of the chromophore after irradiation 

was additionally confirmed by 
1
H-NMR spectroscopy 

(see Figure 4ii). As shown in the Figure, the intensity 

of the resonance signal of the cis isomer increased 

with a slight decrease in the resonance signal of the 

trans isomer, suggesting that a transformation from 

trans to cis due to UV-VIS photo-switching had 

occurred.  

 

    

 Figure 5. Cis-trans thermal isomerisation of the 

azobenzenes in the dark. The isomerisation process 

in the dark obeys the equation ΔAt = ΔAꚙ + ΔAo . e
-t/τ
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Trans to cis switching of the azo-monomer (2b) in 

the melt was also conducted (Figure 4i) by dissolving 

trans (2b) in THF and subsequently freeze-drying to 

remove the solvent, generating a thin film around 

the walls of the cuvette. This film was then 

subjected to UV irradiation using green light (520 

nm) for 1 h. As seen in Figure 4i, only 19 % of the cis-

form was obtained.  Compared to the solution state 

switching, a difference of about 47% was observed 

to exist between the two switching modes. The low 

conversion yield to the cis-form in the melt state 

switching has been observed in other experiments 

[71-74] to result from the hindrance of the UV 

irradiation of the azo bond by the chromophore 

backbone, which in consequence leads to a 

reduction in their rate of trans to cis photo-

isomerisation.  

Finally, the azo-monomers (2a and 2b, before 

switching) were subjected to temperature heating 

kinetics to study the influence of heat on the cis-

trans conversion of the monomers. Figure 6 shows 

the results of this heating experiment. The samples 

were thermally annealed using differential scanning 

calorimeter (DSC) at 10 K/min for 1 h at 

temperatures starting from 50 °C to 150 °C.  As can 

be seen from Figure 6, the heating experiment of 

samples 2a and 2b had a strong influence on the 

trans-cis ratio of the azo-monomers only at 

temperatures of 100 °C and above, where most of 

the cis-isomers were converted to the trans form. 

Also, no additional resonances were seen in the 
1
H-

NMR spectra during the heating process, proving the 

stability of the compound even at elevated 

temperatures up to 150 °C (Td for 5% weight loss 

~200 °C, see supporting information Figure S3).  

 

 

Figure 6.  1H-NMR investigations on the temperature dependent kinetics measurements of the non-fluorinated azo-

monomer (2a, i-v, left) and the fluorinated azo-monomer (2b,    vi-x, right), showing the trans : cis ratio of the 

monomers after thermally annealing the samples in DSC at different temperatures for 1h (rate of heating is 10 

K/min, trans : cis ration before start of experiment is ~80:20 respectively). Experiment (i and vi) was conducted at 50 

°C, (ii and vii) was conducted at 75 °C,  (iii and viii) was conducted at 100 °C,  (iv and ix) was conducted at 125 °C and 

(v and x) was conducted at 150 °C. 
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Figure 7.  Aggregation behavior of the azo-oligomers in THF solution (3 mg/ml); (i) Shows the time dependent 

micellar aggregation of the non-fluorinated azo-oligomers, (ii) shows the time dependent micellar aggregation of the 

fluorinated azo-oligomers (iii) shows the hydrodynamic radius of the aggregates before (trans state) and after switch 

(cis state) of the azo-oligomers.  

 

Micellization of the azo-oligomers 

It is well known that azo-oligomers and -polymers easily 

aggregate in solutions and upon UV light irradiation or 

thermal conditions reduce in size from trans to cis state 

[31-32, 34, 75]. The isomerisation of azo-oligomers via 

photo/thermal stimulation therefore can have a 

significant influence on the size and morphology of the 

self-assembled micelles. Thus, aiming to obtain an 

insight into the morphology and size of our azo-

compounds before and after switching, we subjected 

our samples to DLS and TEM measurements. Figure 6 

shows the examined size distribution of the aggregates 

of the azo-oligomers using DLS. The results indicated 

that the azo-oligomers formed well-defined aggregates 

with an average hydrodynamic radius (Rh) in the range of 

40-60 nm in THF. Time-dependent growth of the 

aggregates over a period of 140 min (Figure 7), showed 

that the aggregates grew linearly in size over an 80-100 

min period at room temperature; subsequently, the 

growth saturated, and no larger aggregates resulted. 

The aggregates growth with time was observed to 

depend on the molecular weight of the oligomers. 

Larger molecular weight oligomers led to higher 

aggregation sized micelles. The saturated azo-oligomers 

(Figure 7i and ii) were also observed to show bigger 

aggregate-sizes when compared to their unsaturated 
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counterparts, and they also grew more rapidly with 

time.  

Subjecting the micellar samples to UV-VIS irradiation 

resulted in a significant change in the size of the 

aggregates as a consequence of the switched 

morphology. Figure 7iii shows the azo-oligomers before 

and after photo-irradiation. As seen from the figure, the 

obtained results revealed a decrease in the 

hydrodynamic radius of the micelles by approximately 

13.6 percent, which was consistent with literature for 

similar azo-chromophores previously reported [76]. The 

size reduction of the aggregates after UV irradiation was 

attributed by many experimentalists [30, 33-34, 75] to 

the increased polarity induced by isomerisation of the 

azobenzene from its planar rod-shaped trans-form to 

the non-planar bent-shaped cis-form, which in 

consequence solubilizes them in polar solvents, such as 

THF. TEM measurements (Figure S4) were additionally 

conducted to confirm the size reduction of the micelles 

after the switching process. Most of the well-dispersed 

aggregates had an average diameter of 62 nm (before 

switching, trans-form) and 46 nm (after switching, cis-

form). The sizes detected were however smaller than 

those obtained by DLS presumably due to solvation 

effects [77]. 

 

Conclusion  

A synthetic approach to obtain saturated and 

unsaturated azo-oligomers, bearing hydrogenated and 

fluorinated moieties is reported. Benefiting from the 

ADMET oligomerization reaction, azobenzene 

chromophores 2a, 2b were precisely placed in olefin 

chains using Grubbs ruthenium catalyst. Subsequent 

hydrogenation of the obtained unsaturated azo-

oligomers 3a, 3b resulted in saturated azo-oligomers 4a, 

4b. 1H-NMR, FTIR and LCCC of the oligomers revealed 

the successful generation of the hydrogenated 

azobenzene containing olefins, demonstrating that the 

azo (-N=N-) bond survived both, the metathesis and the 

hydrogenation chemistry. Subsequently, the 

photoisomerization processes of the azo-monomers 

were monitored using UV–VIS spectroscopy, revealing 

the possibility to induce trans-cis isomerisation reaction 

in both, the monomer and the oligomers, yielding stable 

cis-configurations in the case of the o-difluorinated azo-

compounds. The self-assembly behavior of the azo-

oligomers before and after irradiation was studied. The 

sizes and morphologies of the aggregates were 

investigated using DLS and TEM measurements, 

revealing marked changes before and after switching of 

the azo group. This current work is an expansion of the 

scope of precision ADMET oligomers and polymers with 

azobenzene defects, aiding further to the generation of 

their saturated forms for further studies in the 

crystallization state. 
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Abstract: The crystallization of precision oligomers/polymers containing (cis/trans)-azo-benzenes as defects within a 

polyalkylene-chain, prepared via ADMET and subsequent hydrogenation, is reported. The oligomers/polymers are 

designed such that after exactly 18 –CH2- units an azobenzene-moiety (bearing either a o,o-dihydrogen (H-azo) or an 

o,o-difluorinated azo-moiety (F-azo) is placed, able to photochemically switch a cis/trans configuration, thus 

changing the geometrical constraint exerted on the alkyl-moiety during crystallization and its crystal packing. The 

morphology of these oligomers/polymers (Mn = 3100 to 17 000 g/mol) is investigated using differential scanning 

calorimetry (DSC), wide-angle X-ray diffraction (WAXD) and successive self-nucleation and annealing (SSA) 

experiments, putting a special emphasis on the crystallization of the alkyl moieties. H/F-azo defects within the 

poly(alkyl)-chains significantly increase the melting point of the polymers compared to ADMET polymers without 

defect. Successive self-nucleation and annealing (SSA) and WAXS analysis show inclusion of the azo-moieties into the 

PE crystal. Changing the aromatic azo units from hydrogen (H-azo) to fluorine (F-azo) atoms also increases the 

enthalpy of melting and the melting point of the azo-oligomers/polymers. Photochemical trans-to-cis isomerization 

of the (F-azo)-polymers increases lattice disorder throughout the entire sample to an extent sufficient to disrupt the 

long-range structuring of the sample, thus causing the reduction in their crystallinities. 

Eur. Polym. J. 2017, submitted 
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Introduction 

Structural defects in synthetic polymers, such as 

branching, chemical irregularities in monomer-

composition or in stereochemistry are well known, as 

they significantly influence the chemical microstructure 

of polymers [1-4]. Defects can be either excluded or 

included into a polymer crystal, depending on their size 

and nature, finally strongly influencing the thermal and 

mechanical properties [5-10]. Thus in the case of side 

group defects, the exclusion of larger-sized defects from 

the crystalline lamellar structure is often reported [11-

16]. For example propyl-, styrene and vinyl acetate- side 

groups within a polyethylene (PE) chain are typically 

excluded from the PE crystal lattice [11-17]. Alamo and 

Mandelkern [12] reported that only small groups, such 

as methyl, chlorine, oxygen, and hydroxyl-moieties are 

partially incorporated into the crystal lattice, whereas 

bigger defects are expelled from the crystal. Hosoda et 

al. [18+ prepared various ethylene/α-olefin copolymers 

showing that the probability of branch inclusion into the 

crystal is strongly dependent on branch identity and is in 

the order of methyl > ethyl > butyl = hexyl = decyl> 

isobutyl. While the side group defects are mostly 

excluded from the crystal lattice, the reverse is mostly 

seen in defects situated within the main chain [19-25]. 

Notwithstanding, some reported cases of exclusion of 

larger size defects in the main chain of polymers have 

also been demonstrated [12,26], leading to a decrease in 

the equilibrium melting temperature T°m [27,19]. Thus 

e.g. larger-sized defects such as meta- and para-

substituted arylene- or naphthylene ether units on every 

21st carbon can be included in the crystal lamella, 

leading to expansion of interchain distances and 

increase of lamellar thickness [23]. 

Acyclic diene metathesis (ADMET) polymerization 

enables to synthetically introduce a sequence of exact 

chemical repeat unit structures, obtaining polymers with 

precisely placed defect units [28,29]. We recently have 

effected the placement of photoresponsive azo-moieties 

repetitively within a poly(alkyl)-chain, interrupting the 

alkyl-chain after every 18 –(CH2)-units [30]. Such azo-

moieties can reversibly change from a trans- to a cis-

conformation upon photo-isomerisation, known to 

induce significant structural changes in polymers [31-36] 

such as crystallization [37,38], phase changes [39], phase 

separation (or reversal of phase separation) [40] in e.g., 

surface gratings in thin films [41,42] Also significant 

changes in thermal properties, such as the glass-

transition temperature can be photochemically 

achieved, inducing photoinduced solid-to-liquid 

transitions [43] or changes in porosity by 

photoisomerization [44]. 

We hereby describe a new series of 

hydrogenated/fluorinated azobenzene (H-azo and F-

azo)-oligomers/polymers, wherein the defects are 

precisely and periodically distributed along the main 

polyalkyl chain via ADMET polymerization. The (H-azo 

and F-azo)-azobenzenes not only differ in their polarity 

(the F-azo-oligomer/polymer being significantly more 

polar due to the presence of the fluorine moieties) but 

also in their stability after photoswitching. The 

crystallization; melting/cooling enthalpies, the 

photoswitchable glass transition temperature, Tg and 

reversible photo-isomerisation of these materials are 

described, encompassing the influence of the H-azo and 

F-azo defects on the crystal structure of the obtained 

oligomers/polymers. 

 

Experimental 

Materials. Two series of precision oligomers/polymers 

containing (cis/trans)-azo-benzenes (H-azo and F-azo) 

have been studied. The synthesis of these materials has 

been accomplished according to a previous publication 

(see citation [30]) via ADMET of H-azo-monomer and F-

azo-monomer, furnishing the H-azo and F-azo-

oligomers/polymers with a molecular weight as shown 
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in Table 1. Data relevant to the molecular and thermal 

characterization of these materials are as well shown in 

Table 1. 
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P(F-azo) 7.8K  (Mn = 7800 g/mol)
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Figure 1.  Representative chemical structures of the H-azo and F-azo monomers, and the saturated oligomers and 

polymers (after catalytic hydrogenation) used for the investigations [30]. 

 

Characterization. 
1
H-, 

13
C- and 

19
F-NMR spectra were 

recorded on a Varian spectrometer (Gemini 400) at 400 

MHz at 27 °C. CDCl3 (Armar AG, 99.8 Atom%D) was used 

as solvent and tetramethylsilane was used as internal 

standard. The coupling constants were given in Hz, the 

chemical shifts in ppm, and referred to the solvent 

residue peak [CDCl3 7.26 ppm (
1
H) and 77.0 ppm (

13
C)]. 

For the interpretation of the spectra, MestReNova v. 

6.0.2–5475 was used.  

     For Gel permeation chromatography (GPC) 

measurements, a Viscotek GPCmax VE 2002 with an 

HHRH Guard-17369 and a GMHHR-N-18055 column in 

tetrahydrofuran (THF) was used. 100 μ  of 1 mg m 
−1

 

samples were injected at 22 °C. Detection was carried 

out with a Viscotek VE3580 RI detector at 35 °C and a 

flow rate of 1 mL min
−1

. Poly(styrene) standards with 

molecular weights of 1050, 2790, 6040, 13 400, and 29 

600 g mol
−1

 were used for external calibration.  

    FTIR spectra were recorded on a Brucker Vertex70MIR 

spectrometer using an ATR Golden Gate unit with a 

diamond crystal. The scan number was 32 scans per 

spectrum with a resolution of 2 cm
-1

.  

UV-VIS absorption spectra were measured using a 

Jasco V-670 UV/VIS/NIR spectrometer. The thickness of 

the optical cells for the measurement was 10 mm. The 

light exposure (for photoswitching) was performed using 

high power (300 mW) ultraviolet (300 nm) and green 

(520 nm) light emitting diodes (LEDs) mounted at a 

distance of 5 mm from the window of the optical cell in 

the sample chamber of the spectrometer.  

Differential scanning calorimetry (DSC) measurements 

were carried out on a NETZSCH DSC 204F1 Phoenix, 

which was calibrated with indium, tin, bismuth, and zinc. 

Samples with a mass of about 5-8 mg were placed into a 

standard aluminium pan and nitrogen was used as purge 

gas. Netzsch Proteus-Thermal Analysis (version 5.2.1.) 

was used for the interpretation of the obtained data. For 
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the non-isothermal measurements, the samples were 

heated with a heating rate of 10 °C/min to 180 °C, at an 

annealing time of 10 min, and cooled down to -50 °C 

with a cooling rate of 10 °C/min.  The melting/cooling 

temperatures were evaluated from the peak maximum 

of the heating/cooling runs respectively.  

X-ray scattering experiments were performed in 

transmission mode using a SAXSLAB laboratory setup 

(Retro-F) equipped with an AXO microfocus X-ray source 

with an AXO multilayer X-ray optic (ASTIX) as 

monocromator for Cu Kα radiation (λ = 0.154 nm). A 

DECTRIS PILATUS3 R 300 K detector was used to record 

the 2D scattering patterns. As sample holders, two-

millimeter thick aluminum discs with a central hole were 

used. The measurements were performed in vacuum at 

three sample to detector distances to cover a wider q-

range (q = 0.05-3 nm
-1

; 0.25-7 nm
-1

 and q = 1-29 nm
-1

). 

 

ADMET oligomerization/polymerization of the 

azobenzene monomers (M(H-azo) and M(F-azo)) [30] 

In a nitrogen-filled Schlenk tube containing a 

solution of the appropriate catalyst in 0.1 mL of 

degassed toluene was subjected to three freeze 

vacuum thaw cycles. A degassed solution of the 

diene monomer M(H-azo)  and M(F-azo)  , 0.2 mol, 

(250:1 monomer to catalyst ratio)) in 0.4 mL of 

toluene was subsequently added to the Schlenk 

flask, degassed for additional 30 min, and stirred for 

120 h at 100 °C. The polymerization was finally 

quenched by adding ethyl vinyl ether (0.5 mL) with 

additional stirring for 30 min. The crude solution 

was precipitated in excess methanol, and the 

precipitate was isolated by filtration, dried in vacuo 

to give the unsaturated azobenzene oligomers and 

polymers (Table 1). 

1
H-NMR (unsaturated P(H-azo) 17K, CDCl3): δ(ppm) 

8.14-8.33 (m, 4H, m-ArH-N=N-ArH), 7.65-8.04 (m, 

4H,m-ArH-N=N-ArH), 5.28-5.41 (m, 2H, CH=CH), 

4.17-4.30 (m, 4H, CH2OCO), 1.98-2.00 (m, 4H, 

CH2=CHCH2), 1.70-1.74 (m, 4H, OCOCH2CH2), 1.28-

1.42 (m, 20H,CH2). 
13

C-NMR (unsaturated P(H-azo) 

17K, CDCl3): δ(ppm) 173.1, 155.2, 139.8, 132.1, 

130.8, 123.8, 118.1, 66.3, 35.7, 29.8, 25.5. IR 

(unsaturated P(H-azo) 17K, cm
-1

): 2917, 2850, 1701, 

1638, 1596, 1384, 1014, 832. 
1
H-NMR (unsaturated 

P(F-azo) 15K, CDCl3): δ(ppm) 7.07-7.33 (m, 4H, m-

ArH-N=N-ArH), 5.29-5.45 (m, 2H, CH=CH), 3.61-3.64 

(m, 4H, CH2OCO), 2.00-2.06 (m, 4H, CH2=CHCH2), 

1.52-1.59 (m, 4H, OCOCH2CH2), 1.29-1.37 (m, 

20H,CH2). 
13

C-NMR (unsaturated P(F-azo) 15.0K, 

CDCl3): δ(ppm) 172.1, 156.6 (d, J = 5.1 Hz), 154.2 (d, 

J = 5.2 Hz), 137.8, 135.2, 132.1, 131.3, 125.2, 117.6, 

63.4, 33.1, 29.4, 25.6. -117 (d, J = 5.1 Hz), -119 (d, J = 

7.5 Hz). 
19

F-NMR (unsaturated P(F-azo) 15K, CDCl3): 

δ(ppm): -117 (d, J = 5.1 Hz), -119 (d, J = 7.5 Hz).  IR 

(unsaturated P(F-azo) 15K, cm
-1

): 3328, 3102, 2925, 

2854, 1701, 1640, 1600, 1424, 1349, 1091, 994, 839. 

 

Hydrogenation reaction of the fluorinated and non-

fluorinated unsaturated azobenzene polymers (P(H-

azo) 17K and  P(F-azo) 15K). 

A dried and nitrogen filled one-necked flask 

equipped with a magnetic stir bar and a reflux 

condenser was filled with a highly degassed solution 

of the unsaturated ADMET polymer (P(H-azo) 17K or 

P(F-azo) 15K, 100 mg), p-toluenesulfonhydrazide (3 

mol eqv.) N,N-diisopropylethylamine (3 mol eqv.) 

and  N,N-dimethylformamide (DMF) (6 mL). The 

reaction mixture was heated to 120 °C under 

vigorous stirring for 6 h. It was then allowed to cool 

down to room temperature. The solvent was 

removed in vacuo, and the obtained saturated 

polymers were precipitated in methanol (yield ~ 75 

%). 

1
H-NMR (saturated P(H-azo) 17K, CDCl3): δ(ppm) 

8.14-8.33 (m, 4H, m-ArH-N=N-ArH), 7.65-8.04 (m, 

4H, m-ArH-N=N-ArH), 4.17-4.30 (m, 4H, CH2OCO), 

1.98-2.00 (m, 4H, CH2=CHCH2), 1.70-1.74 (m, 4H, 
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OCOCH2CH2), 1.28-1.42 (m, 20H,CH2). 
13

C-NMR 

(saturated P(H-azo) 17K, CDCl3): δ(ppm) 173.1, 

155.2, 132.1, 130.8, 123.8, 66.3, 35.7, 29.8, 25.5, 

21.6, 17.7. IR (saturated P(H-azo) 17K, cm
-1

): 2917, 

2850, 1638, 1596, 1384, 1014, 832. 
1
H-NMR 

(saturated P(F-azo) 15K, CDCl3): δ(ppm) 7.07-7.33 

(m, 4H, m-ArH-N=N-ArH), 3.61-3.64 (m, 4H, 

CH2OCO), 2.00-2.06 (m, 4H, CH2=CHCH2), 1.52-1.59 

(m, 4H, OCOCH2CH2), 1.29-1.37 (m, 20H,CH2). 
13

C-

NMR (saturated P(F-azo) 15K, CDCl3): δ(ppm) 171.8, 

157.4 (d, J = 5.1 Hz), 154.5 (d, J = 5.3 Hz), 132.1, 

131.3, 127.8, 63.6, 33.4, 29.4, 25.8, 21.7, 17.8.  
19

F-

NMR (saturated P(F-azo) 15K, CDCl3): δ(ppm): -117 

(d, J = 5.1 Hz), -119 (d, J = 7.5 Hz).  IR (saturated P(F-

azo) 15K, cm
-1

): 3328, 3102, 2925, 2854, 1640, 1600, 

1424, 1349, 1091, 994, 839. 

 

Table 1. Molecular and thermal characterization of the saturated azo oligomers and polymers 

Polymer trans:cis  
(NMR)            

trans:cis  
(UV-VIS)                     

Mn,SEC
a  

/(g/mol) 
Mw/Mn

a
  Tc, DSC

b
 

/(°C) 
Tm,DSC

b
 

/(°C) 
ΔHm,DSC

b  

/(J/g) 

Oligomers 

P(H-azo) 3.2K 84:16 87:13 3200 1.3 122 145 61 

P(H-azo) 7.2K 84:16 89:11 7200 1.7 125 147 69 

P(F-azo) 3.1K 88:12 86:18 3100 1.6 127, 130 159 112 

P(F-azo) 3.1K 
(after switch) 

32:68 36:64 3100 1.6 124 151 81 

P(F-azo) 7.8K 90:10 87:17 7800 1.4 126, 131 158 114 

P(F-azo) 7.8K 
(after switch) 

35:65 33:67 7800 1.4 125 151 87 

Polymers 

P(H-azo) 17K 82:18 85:15 17000 2.0 124 138, 141 72 

P(F-azo) 15K 90:10 88:18 15000 1.8 124,130 159 117 

P(F-azo) 15K 
(after switch) 

36:64 31:69 15000 1.9 130 153 90 

a
Determined by SEC in THF using polystyrene standards. 

b
Determined by DSC from 1

st
 heating/cooling cycle 

 

Results and Discussion 

We prepared two types of oligomers and polymers by 

ADMET (see Figure 1), both containing an azo-moiety 

within the main chain after exactly 18 –CH2-units: 

whereas the H-azo-oligomers/polymers contain 

hydrogen on both o-positions within the aromatic rings, 

the F-azo-oligomers/polymers contain o,o-difluoro-

aromatic moieties, known to display an increased 

stability of the cis-form of the azobenzene-moiety [31]. 

Hydrogenation of all olefinic double bonds of the H-azo 

and F-azo oligomers/polymers is conducted using p-

toluenesulfonhydrazide (TsNHNH2) and N,N-

diisopropylethylamine in DMF at 120 °C under a highly 

inert nitrogen atmosphere and a complete removal of 

oxygen from the reaction mixture. The investigated 

oligomers/polymers are obtained with molecular 

weights in the range of 3100 - 17000 gmol
-1

 (see Table 

1)- 
1
H-NMR measurements show the disappearance of 

the resonance peak at 5.39 ppm, assigned to the internal 

olefinic protons of the unsaturated oligomers after the 

hydrogenation reaction [30], thus proving the complete 

transformation after the exhaustive hydrogenation 

reaction. FTIR and HPLC measurements are also 

conducted to support the proof of the exhaustive 

hydrogenation reaction (see citation [30]).  

The azobenzene groups in the as-prepared saturated 

oligomers/polymers bearing the bis-o-fluorinated-azo-

oligomers/polymer P(F-azo) are in a primarily stable 
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trans state and exhibit a strong π–π* absorption band at 

320 nm (see Figure 2). Irradiation of the solution with 

green light (λ ~ 520 nm) decreases the intensity of the π-

π* absorption band while the n-π* absorption band 

intensity at 426 nm slightly increases. Subsequent UV 

light irradiation (~300 nm) on the cis-compounds (P(F-

azo) (switch)) switches the molecules back to the trans 

state [30]. The switched cis form has a lifetime of 

approximately 14 h before it relaxes by thermal recovery 

to the trans-state, indicating an increased thermal 

stability of the bis-o-fluorinated-azo-oligomer/polymer 

in solution [30]. Comparison of the two different 

molecular weights, P(F-azo) 3.1K, Figure 2i and P(F-azo) 

3.1K, Figure 2ii reveals no significant differences in their 

UV switching. The photostationary state for the two 

materials is however reached at the same time at 

approximately 60 min of irradiation.  

 

 

Figure 2.  UV-VIS spectra of the saturated F-azo oligomers (left, P(F-azo) 3.1K, 2.34 x 10-4 mol/L) polymer (right, P(F-

azo) 15K, 2.72 x 10-4 mol/L) in THF solution before irradiation at 0 min, and after complete irradiation (520 nm) for 1 

h. 

 

Figure 2i shows the change of the absorption spectrum 

for the F-azo oligomer upon illumination of the sample 

with 520 nm light. Already within the first 20 min the 

spectrum changes significantly due to light-induced 

switching of trans isomers into cis isomers. A 

photostationary state is reached after ~60 min of 

irradiation. In the photostationary state, the vast 

majority of the F-azo oligomer molecules exist in the cis 

configuration. The two isosbestic points at 320 nm and 

426 nm indicate that only two species are present 

(trans- and cis-) and no additional photochemical 

reactions occur. Light-induced switching from trans to 
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cis isomer is also observed for the F-azo polymer (Figure 

2ii). The photostationary state is also reached after ~60 

min of irradiation. The length of the PE chain does not 

seem to influence the properties of the photostationary 

state, as the spectral and temporal behaviors of the 

different molecular weight materials are identical within 

experimental uncertainties.  

 The photo-induced trans/cis-isomerisation in the 

saturated oligomer/polymer can also be followed via 
1
H-

NMR-spectroscopy, as visible in Figure 3. The NMR data 

of the polymer (P(F-azo) 15K) show a final cis : trans 

ratio of 69 : 31 % after the UV-VIS irradiation, 

accompanied by an increase in the cis resonance peak at 

around 7.10 ppm and a decrease in the trans resonance 

peak at 7.20 ppm, proving a transformation from the 

trans to the cis structures due to the UV-VIS photo-

switching. 

    Due to their reasonable thermal stability, coupled to 

the efficient cis/trans switching, the so obtained bis-o-

fluorinated-azo-oligomers/polymers (P(F-azo) 3.1K, P(F-

azo) 7.8K and P(F-azo) 15K) are thus ideal candidates for 

studying the crystallization in the trans- and cis-forms, 

respectively, most of all in terms of their impact on 

thermal transitions and crystal-structure. The 

corresponding H-azo-oligomers/polymers P(H-azo) 3.2K, 

P(H-azo) 7.2K and P(H-azo) 17K are discussed in 

comparison, although their cis-forms here are thermally 

too labile for a crystallization study. 

 

 

Figure 3. 
1
H- NMR spectrum of the F-azo-polymer P(F-azo) 15K before (i) and after (ii) green light irradiation (λ ~ 520 

nm), showing the changes in the cis/trans resonance peaks. 

 

Differential scanning calorimetry (DSC) measurements. 

The thermal behavior of the monomers, oligomers and 

polymers is determined via DSC measurements. Non-

isothermal heating curves for the F-azo- (M(F-azo)) and 

H-azo- (M(H-azo)) monomers are shown in Figures S2-3 

(see SI). Comparing the crystallization and melting 

curves of the two azo monomers M(F-azo) and M(H-

azo), a clear difference between the two monomers is 

observed. Whereas M(H-azo) is 100 % amorphous and 

shows no melting transition but only a glass transition, 

Tg at 68 °C (Figure S3), M(F-azo) shows a crystalline 

structure (Figure S2) with melting (Tm) and crystallization 
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(Tc)-values at temperatures of Tm1 =-19.3 °C , Tm2 = -13.4 

°C and Tc = -36.4 °C. In the DSC curves (see Figure S2 - 

Supporting information) of the F-azo monomer M(F-azo) 

before irradiation, fractionation of the melting peak is 

noticeable upon heating of the monomer from 50 °C to 

130 °C, explainable by the occurrence of both cis- and 

trans-form crystals. At elevated temperatures of 150 °C 

and above, a single sharp endotherm is observed due to 

the increased trans content at this temperature (note: 

1
H-NMR studies of the cis : trans ratio of the F-azo 

monomer before irradiation at room temperature and at 

150 °C were reported to be 20 : 80  and 7 : 93  

respectively, see supporting information, Figure S5) [30].   

Upon photochemical switching of the monomer (Figure 

4) a transformation from the trans- to the cis- form 

occurs, clearly changing the DSC curve of the F-azo 

monomer, as visible in the heating/cooling scans of the 

F-azo monomer M(F-azo) after UV-VIS photoswitching. 

 

 

Figure 4.  DSC heating/cooling scans of the F-azo 

monomer M(F-azo)   after green light irradiation (λ ~ 520 

nm). Measurements were conducted by annealing the 

samples at 10 K/min for 1h at temperatures of; (i) 75 °C 

(ii) 125 °C (iii) 150 °C and (iv) 175 °C. Data are rescaled 

and shifted vertically for clarity.  

 

 

 

Double broad endothermic (Tm1 = -20.9 °C, Tm2 = -17.9 

°C) /exothermic (Tc1 = -47.5 °C, Tc2 = -41.6 °C)  peaks are 

noticeable upon heating the monomer from 75 °C to 125 

°C, with a slight shift of the exothermic peaks to lower 

temperatures when compared to the exothermic peak 

of the monomer  before irradiation (Tc = -36.4 °C). At a 

temperature at 150 °C and above, the double broad 

exothermic/endothermic peaks merge to form a single 

sharp peak with an accompanied shift of the exothermic 

peak (Tc = -37.1 °C) back to nearly the same position to 

the peak before the switching process. This behavior 

shows that, at elevated temperatures (≥ 150 °C), the 

thermally generated trans azo-isomer within our 

monomer is regenerated above this temperature. 

Crystallization studies of the oligomers/polymers 

before and after the photo-irradiation at 520 nm are 

subsequently conducted at a heating/cooling rate of 10 

°C/min. P(F-azo) 15K (before switching) shows a Tg of 

91.8 °C in the first and second heating curves, with a 

slight shift of the Tg to higher temperature (95.8 °C) in 

the third heating. In contrast to P(F-azo) 15K (before 

switching), P(F-azo) 15K (after switching) shows a 

significantly lower Tg at 70.6 °C in the first heating curve 

(Figure 5). The second heating DSC Tg curve of this 

sample is nearly the same as that of the initial P(F-azo) 

15K (before switching), indicating that cis P(F-azo) 15K 

(after switching) is thermally converted to tans P(F-azo) 

15K (before switching) in the second heating process as 

a result of a first photo-induced trans-to-cis 

isomerization, followed subsequently by a thermally-

induced cis-to-trans isomerisation process. 
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Figure 5.  DSC heating scans of the saturated trans-F-azo 

polymer (A, P(F-azo) 15K (before switching)) and the 

saturated cis.F-azo polymer (B, P(F-azo) 15K (after 

switching). The Tg value of cis-F-azo polymer is lower 

than that of trans-F-azo polymer. Data are rescaled and 

shifted vertically for clarity. 

 

The heating and cooling curves for the 

oligomers/polymers are shown in Figure 6 for both, the 

crystallization and the melting, and the results are 

summarized in Table 1. When we compare our results to 

PE (prepared by ADMET) without defects (Tm = 134 °C, 

ΔHm = 211 J/g) (data from literature for same heating 

rate to our measurements) [45], a decrease in the 

melting enthalpy and a shift of the Tm values to high 

temperatures is observed. The decrease in melting 

enthalpy can be attributed to a reduction in the degree 

of crystallinity, as the azobenzene defects within our 

poly(alkyl) chains hinder the crystallization. However, 

the increase in Tm may be due to the inclusion of the 

defects within the crystalline lamellae. The exclusion of 

the defect would interrupt the linear aliphatic chain 

sequences and therefore reduce lamellar size and 

melting point. A high extent of supercooling (ΔT = Tm-Tc) 

additionally exist between our investigated 

oligomers/polymers; e.g. P(H-azo) 3.2K (ΔT = 23 °C) and 

P(F-azo) 3.1K (ΔT = 27-31 °C). The high supercooling of 

the azo-polymers implies a slower overall non-

isothermal crystallization rate from the melt [2,23]. 

Increasing the molecular weight of the azo-polymers 

(Table 1) does not lead to significant changes in the 

crystallization/melting temperatures, but a slightly 

increased enthalpy as compared to the low molecular 

weight oligomers.  

Furthermore, upon changing the molecular structure 

of the defect from hydrogenated to fluorinated 

azobenzenes, leads to an increase in the melting 

temperatures of about 14 °C and an increased enthalpy 

of about 51 J/g. This is due to the strong dipolar 

interactions of the F atoms in the fluorinated 

azobenzenes that stabilize the chain conformations in 

the crystalline state, thus enhancing the thermal stability 

of these oligomers and polymers. In the cooling curve of 

the F-azo oligomer/polymer (P(F-azo)) fractionated 

exotherms are visible at (P(F-azo) 3.1K = 127 °C, 130 °C 

and P(F-azo) 15K = 124 °C, 130 °C), suggestive of the 

occurrence of both, trans- and cis-isomers during 

crystallization. In contrast to the P(F-azo) 3.1K (before 

switching), P(F-azo) 3.1K (after switching) shows a single 

broad exothermic peak at 124 °C due to the thermal cis-

to-trans isomerisation as demonstrated in literature 

[43]. 
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Figure 6.  DSC cooling and heating curves for the saturated H-azo oligomers (left) and saturated polymers (right): 

(P(H-azo) 3.2K, and P(H-azo) 17K, black), F-azo polymer (P(F-azo) 3.1K, and P(F-azo) 15K red) before irradiation and 

F-azo polymer (P(F-azo) 3.1K, and P(F-azo) 15K blue) after irradiation. Data are rescaled and shifted vertically for 

clarity. 

Self-Nucleation (SN) and Successive Self-Nucleation and 

Annealing (SSA) results. SSA is a thermal fractionation 

protocol designed to deconvolute DSC melting 

endotherms into elementary components. It is 

particularly useful to fractionate polymers that 

incorporate defects in their linear crystallizable chains 

(e.g., branches, comonomers, crosslinks, stereo-defects 

or any other molecular defects) [46]. In this work, SSA is 

used to study whether the known defects are included 

or excluded from the polymer crystals. Exclusion of 

defects will provoke large fractionation effects [46]. 

Thus, to this end, we performed SN tests on the 

saturated F-azo oligomers/polymer before switch to 

determine the ideal self-nucleation temperature, Ts. This 

temperature is needed to adequately perform SSA tests 

[46]. The F-azo oligomer/polymer is selected for the SN 

test, since it has the highest melting temperature from 

all the samples used. The experiment is carried as 

follows to obtain the ideal self-nucleated state;  

a. Erasure of previous thermal history and 

crystalline memory by heating the sample to 

185 °C for 3 min. 

b. Creation of the initial “standard” semi-

crystalline state by cooling the molten sample 

at 20 °C/min down to -20 °C. 

c. Heating at 20 °C/min from -20 °C up to a 

selected self-nucleation temperature (denoted 

Ts), and then holding the sample at this Ts 

temperature for 3 min. During this thermal 

conditioning stage at Ts, the sample could melt, 

self-nucleate or self-nucleate and anneal 

depending on the temperature value.  

d. Subsequent cooling at 20 °C/min from Ts down 

to -20 °C.  

e. Final heating. The sample is heated at 20 

°C/min from -20 to 185 °C. 
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Figure 7. (i) Cooling and (ii) heating of the saturated P(F-azo) 15K (before irradiation) after 5 min at the indicated 

self-nucleation temperature (154 °C). 

 

Figures 7i and ii depict the DSC cooling and heating scans 

obtained from the above protocol for the F-azo sample 

(P(F-azo) 15K, before switch) after holding the sample 

for 3 minutes at the indicated Ts. In Figure 7i sharp 

crystallization peaks at temperatures higher than 154 °C, 

are observed while the peak crystallization temperature 

does not change. Below this temperature the peaks 

become broader and shift to higher Tc values. However, 

close examination of Figure 7ii reveals that at Tc values 

lower than 154 °C, the melting traces change and exhibit 

a shoulder or small peak at higher temperatures 

indicative of annealing of a small crystal population. 

These results correspond to a change from Domain I (at 

Ts temperatures equal or higher than 154 °C) to Domain 

III (at Ts values lower than 154 °C). In other words the 

polymer does not exhibit Domain II or exclusive self-

nucleation domain. This situation has been already 

reported for materials that have a very high density of 

heterogeneities that can act as nuclei [47,48]. In these 

cases, the only way to significantly increase the already 

saturated nucleation is to enter Domain III, where a 

significant increase in nucleation will inevitably occur as 

partial melting will leave many crystal fragments 

available as self-nuclei. From the self-nucleation 

experiments shown in Figure 7, a Ts = 154 °C was 

selected as the initial temperature of the SSA protocol, 

as this is the lowest temperature in Domain I before the 

sample changes to Domain III. The idea is to select a 

temperature where no annealing occurs. This is a typical 

case, as normally the lowest temperature in Domain II 

would be selected. 

Figure 8 shows the final heating DSC scan after the 

samples were subjected to the SSA experiments. In this 

work, the fractionation window was set at 10 °C, which 

mean that in every cycle, the following temperature is 

employed: Ts,n = Ts,n-1-10 °C, where n is the number of 

cycles (n=0 correspond to the Ts, ideal). The selected 

number of cycles is 6 cycles (including the Ts, ideal) [48-

50]. According to Figure 8, SSA did not cause a significant 

fractionation, indicating that defects are included within 

the lamellar regions of the sample.  These results are 

strong evidence supporting the inclusion of the azo 
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groups in the polyethylene-like crystalline cell. Further 

confirmation of such inclusion is provided below by 

WAXS results.  It must be noted that the melting 

temperature after SSA of the sample before the switch is 

higher than that after the switch. This indicates a 

possible rearrangement of the polymeric lamellar 

crystals (i.e., higher Tm values indicate increasing crystal 

stability and thicker lamellar crystals). It is worth 

pointing out that the equilibrium melting point for high 

molar mass linear polyethylene crystals has been 

estimated to be close to 145 °C [14]. This is an 

extrapolated value that cannot be obtained 

experimentally, as it correspond to an infinite crystal 

with no surfaces. It is obvious from Figure 8 that the 

samples employed here are melting at 145 °C (in the 

case of P(H-azo) 3.2K before switching) or even up to 10 

°C higher than that value. The only way to explain this 

result is by an inclusion of the azo groups inside the 

lamellar crystals. 
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Figure 8. Final heating scans after applying SSA protocol 

on the saturated H-azo polymer (P(H-azo) 17K, black), 

saturated F-azo polymer (P(F-azo) 15K, red) before 

irradiation and saturated F-azo polymer (P(F-azo) 15K, 

blue) after irradiation. 

 

WAXS results. The WAXS patterns of the ADMET 

polymers containing H-/F-azo defects are shown in 

Figure 9. It is evident from the Figure that all the 

investigated samples display sharp scattering peaks, and 

in addition to them some broad and overlapped peaks 

can be seen. Many crystallographic peaks are observed 

in the F-azo compounds, especially in the trans state as 

compared to the WAXS pattern of the H-azo 

compounds. This behavior can be due to the higher 

crystallinity of the F-azo compounds (as indicated by 

their melting enthalpies: P(F-azo) 15K (before switching) 

= 117 J/g, P(F-azo) 15K (after switching) = 90 J/g) as 

compared to the H- azo compound (P(H-azo) 17K = 72 

J/g).  

Different mixed crystal structures are formed in all the 

investigated polymers. Figure 9 shows the collected 

WAXS patterns. The reflections reported in the literature 

for both orthorhombic and monoclinic polyethylene unit 

cells are indicated as vertical lines. It is observed from 

Figure 9 that the P(H-azo) 17K, having H-azo as intra 

crystalline defect exhibits two sharp scattering peaks at 

q of 15.01 nm and 16.27 nm which may correspond to 

the (110) and (200) crystal planes of orthorhombic PE 

crystal [51]. The calculated lattice parameters (a = 7.72 Å 

and b = 4.94 Å), when compared to orthorhombic 

ADMET PE without defects (a = 7.40 Å and b = 4.93 Å) 

[45] shows that the b-axis of the P(H-azo) 17K is almost 

the same, but the a-axis is evidently larger. The larger 

value of “a” implies dilation of the unit cell (i.e., by 4% 

approximately), which is consistent with the expansion 

of the orthorhombic unit cell needed to accommodate 

the azo defect. The shift of the WAXS pattern to lower q 

values when compared to polyethylenes and paraffins 
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are evidence of the inclusion of the azo-groups in the unit cell of the polyethylene.  
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Figure 9. Wide angle X-ray scattering patterns for the saturated F-azo defect polymers (P(F-azo) 15K, left) and 

saturated H-azo defect polymers (P(H-azo) 17K, right). The inlet dotted lines show the indexation of PE without 

defect for comparison. 

 

The F-azo polymers on the other hand exhibit an entirely 

different scattering pattern with a series of new 

reflections which are not normally found in neat PE 

WAXS diffractograms. The scattering peaks are much 

sharper with less pronounced amorphous halo. Many 

scattering peaks are observed for this polymer and their 

detailed indexing in outside the scope of the present 

work (Figure 9, left). The scattering peaks at q = 15.33 

nm and 16.42 nm may be assigned to orthorhombic 

crystal structure of PE, whereas the one at q = 17.52 nm 

correspond to the monoclinic crystal structure of PE. A 

shift of the observed peaks to low q values when 

compared to crystallographic planes of PE [23,51] 

without defect signifies a larger unit cell, which is also a 

result of the incorporation of the F-azo defects within 

the crystal unit cells. A similar effect has been seen for 

different defect PE structures [2,7,23,45]. Also, the 

WAXS pattern in Figure 9 for the cis P(F-azo) 15K (after 

switching) displays a decreased intensity (with samples 

of the same mass, volume and shape) of all the peaks 

noticeable in the trans compound. As observed in 

literature,
44

 this behavior indicates that the P(F-azo) 15K 

(after switching) loses some amount of its crystalline 

properties upon switching; which can be further verified 

by the reduction of the ΔHm value in the non-isothermal 

DSC measurements. Thus, we can hypothesize similarly 

to previous findings [44,52,53] that the trans-to-cis 

isomerization of the polymers increases lattice disorder 

throughout the entire sample to an extent sufficient to 

disrupt the long-range structuring of the sample, thus 

causing the reduction in their crystallinities 

 

Conclusion  

The influence of different (trans- and cis-)-azobenzene 

defects on the crystallization and melting behavior, as 

well as on the crystal morphology of the PE structure has 

been investigated using DSC, SSA and X-ray scattering 

experiments. The following results clearly support the 

inclusion of the azobenzene defects within the crystal 

lattice: 1. Increases in melting points, 2. Lack of 

fractionation after SSA experiments and 3. Changes in 

crystal structure. Changing the aromatic azo units from 

hydrogen to fluorine atoms shows pronounced effect on 

the enthalpy of melting and peak melting transition of 
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the oligomers/polymers. Accordingly, P(F-azo) 15K 

(before switching) has the highest Tm, but the Tm of P(H-

azo) 3.2K is the lowest. Upon conducting SSA 

experiments, the temperature after SSA of the sample 

before the switch was higher than that after the switch, 

which is due to a possible rearrangement of the 

polymeric lamellar crystals (i.e., higher Tm values indicate 

increasing crystal stability and thicker lamellar crystals). 

The obtained results will help in advancing the highly 

intense research on ADMET polymers, by taken into 

consideration switchable defects that can tune the 

properties of the obtained polymer upon changing from 

the trans to the cis state. 
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Abstract: Crystallization in polymers under confinement can lead to strong effects, depending on the physical nature 

of the confining blocks. The present publication addresses crystallization in segregated supramolecular pseudoblock 

copolymers (SPBCPs, (PCL-Thy)-s-(PS-Tr)) where two constraints are present: one constraint is formed by a hydrogen 

bonding system connecting two microphase-segregating polymers, the second constraint is formed by the phase 

boundary of the segregating (PS)-polymer block. Thus mono-functionalized polymers bearing either a thymine end 

group or 2,4-diaminotriazine end group are prepared and blend together via the association of H-bonding 

interactions. Thymine functionalized crystallizable poly(ε-caprolactone) (PCL-Thy) and 2,4-diaminotriazine 

functionalized poly(styrene) (PS-Tr) with molecular weights ranging from 3000 g/mol to 6000 g/mol and 3000 g/mol 

to 11000 g/mol respectively exhibit complete end group transformation as proven by NMR and MALDI methods. 

Crystallization studies via DSC experiments show a strong influence on the melting behavior of the PCL crystals upon 

attaching the PS block. Two distinct Tgs (DSC studies) corresponding to the respective polymers (PCL and PS) is 

shown for SPBCPs with higher PS block ratio, whiles `cold crystallization` behavior is shown for samples with nearly 

equal volume fraction of PCL and PS blocks. In-situ temperature dependent SAXS studies of the SPBCPs indicates a 

confinement effect of the PS-blocks on the crystallization of PCL, leading to an ordered arrangement of the PCL 

crystals.  
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Introduction 

Confinement effects in crystalline polymers lead to 

peculiar dynamic effects [1] as a result of a constraining 

´hard´ amorphous block or barrier, thus representing an 

important model-system of nanostructural control in 

polymer science. ´Hard´ confining barriers, such as 

nanosized porous alumina-walls [2,3], nanostructured 

surfaces [4,5] or microphase-separated block 

copolymers [6] have been used to influence the 

crystallization behavior of polymers depending on their 

geometry and dimension of the isolated nanodomains 

(e.g. nanocylinders or nanospheres) in relation to their 

size.  

Vast knowledge on confining systems on covalently 

linked block copolymers to generate a hard interface for 

directed crystallization has been collected [7]. Thus 

crystallization effects and crystal orientation of poly(ε-

caprolactone) (PCL) confined within a ´hard` amorphous 

poly(styrene) (PS)-block or isolated aluminum oxide 

(AAO) nanopores have been extensively studied [1,8] 

pointing at a strong dependency on the confining 

diameter, the crystallization temperature and the 

molecular weight of the polymers. Depending on the 

size of the confining nanocylinders D (when D ≤ 14.9 

nm), PCL crystals have been found to show a decreasing 

trend in their melting temperature and crystallinity 

values as a result of the higher restrictions imposed on 

the PCL blocks [1].  Crystal orientations in nanopores 

have also been shown to depend on the extent of 

supercooling employed during crystallization [9,10]: at 

moderate supercoolings, the chain orientation within 

the cylinders is usually perpendicular to the cylinder axis 

[11,12]. 

Whereas the crystallization in hard-barrier systems of 

covalently linked block copolymers is well understood, 

the crystallization of supramolecular pseudoblock 

copolymers (SPBCPs) (where the chains are linked via 

thermally reversible non-covalent bonds like charge-

charge interactions [13-15] or hydrogen bonding 

interactions [16-18]) are expected to display a different 

behavior in their crystallization process. As now the 

bonds connecting the different polymeric systems are 

subjected to breaking and reformation on a defined 

timescale, a more complex crystallization-behavior in 

such systems results [19]. Thus crystallization within 

SPBCPs should not only depend on the microphase-

segregation strength of the crystalline-amorphous 

components, but also on the (supramolecular) 

association strength between the blocks and the extent 

of temperature applied to the system [19]. Furthermore, 

the supramolecular moiety can affect the crystallization 

process either by acting as nucleus for crystal-growth or 

partially restricting the crystallization due to their 

inability to embed into the growing crystal lamellae [20]. 

In a previous investigation on SPBCPs (PCL)-s-(PIB) 

[19,20] a soft amorphous PIB block (Tg ~ (-78 °C)) acted 

as an only weakly confining barrier, leading to a partial 

mixing of the PIB- and PCL-polymers and in turn to 

fractionated crystallization for smaller PCL block lengths, 

with a partial association of the hydrogen bonds 

between the PCL and the PIB blocks. We here investigate 

the crystallization of SPBCPs (PCL-Thy)-s-(PS-Tr), where 

(PS) serves as a hard amorphous barrier (high Tg) for the 

PCL crystallization. For this purpose a poly(styrene) block 

(Tg~100 °C) is used in place of the previously used soft 

amorphous PIB block. Based on the different possibilities 

which PS and PCL-polymers can exert (see Figure 1) a 

variety of different effects on crystallization can be 

expected, starting from an expected disordered PS-

phase within the PCL-melt: thus a segregated structure 

may exist, where PS-phase could confine PCL-

crystallization similar to hard spheres in nanocomposites 

[21]. The current publication investigates the structural 

aspects of these possibilities via synthetic methods and 

structural investigations.  
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Figure 1. Concept for the crystallization of a PCL-block within the pseudoblock copolymer    (PCL-Thy)-s-(PS-Tr). 

 

Experimental  

Materials  

All chemicals used for the synthesis were purchased 

from Sigma-Aldrich. ε-Caprolactone was stirred and 

distilled over calcium hydride (100 °C, 10 mbar). Tin(II)-2-

ethylhexanoate and 5-hexyn-1-ol were also distilled 

before use, using distillation procedures as described in 

literature [19]. Cu(I)Br was stirred for 2 days in acetic 

acid/anhydride, washed with dry diethyl ether several 

times, and dried in vacuo under an argon atmosphere. 

N,N-Diisopropylethylamine (DIPEA), N,N,N′,N′′,N′′-

pentamethyldiethylenetriamine (PMDETA) and 2,2´-

bipyridine were used without further purification. 

Toluene and tetrahydrofuran (THF) were predried over 

NaOH for several days followed by heating over 

sodium/benzophenone and final distillation under an 

argon atmosphere before use.  

 

Measurements 

NMR spectroscopy was recorded on a Varian Gemini 

2000 FT-NMR spectrometer (400 MHz). Chloroform 

(99.8 atom % D) and dimethyl sulfoxide-d6 (99.9 atom % 

D) were used as solvents, using Mestrec software 

version 4.7.0.0 for the FIDs analysis. Chemical shifts (δ) 

were recorded in parts per million (ppm) and referenced 

to residual protonated solvent (CDCl3: 7.26 ppm (
1
H), 

77.0 ppm (
13

C), (CD3)2SO: 2.54 ppm (
1
H), 39.52 ppm (

13
C); 

coupling constants (J) are given in Hertz (Hz) using 

standard abbreviations (s = singlet, d = doublet, t = 

triple, m = multiplet). 

GPC measurements were conducted on a Viscotek 

GPCmax VE 2001 with a Styragel linear column GMHHR. 

THF was used as a carrier solvent at 1 mL/min at room 

temperature. The sample concentration was 

approximately 3 mg/mL. Poly(styrene) standards (in the 

range of 1050-1,870,000 g/mol) were used for 

conventional external calibration, using a Waters RI 3580 

refractive index detector (detector temperature 35 °C).  

FTIR spectra were recorded with a Brucker Vertex70MIR 

spectrometer using an ATR Golden Gate unit with a 

diamond crystal. The scan number was 32 scans per 

spectra with a resolution of 2 cm
-1

. The heating program 

was conducted by initial heating of the samples from 

room temperature to 140 °C at 20 °C intervals with an 

annealing time of 5 min. The samples were subsequently 

cooled down to room temperature with a second 

heating kinetics performed and used for analysis.  

MALDI-TOF-MS was done on a Bruker Autoflex III 

Smartbeam using a nitrogen laser source (λ = 337 nm) in 

reflection and linear modes. The polymer samples were 

dissolved in THF at a concentration of 20 mg/mL; 1,8,9-

anthracenetriol in THF (20 mg/mL) was used as matrix 
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material; sodium trifluoroacetate (NaTFA) in THF (20 

mg/mL) was used as salt for both PCL and PS samples. 

The solutions of the polymer, the matrix, and the salt 

were mixed in a volume ratio of 100:20:2 and 2 µL of this 

mixture were spotted on the MALDI target plate. The 

instrument was calibrated with a poly(ethylene glycol) 

standard (Mp = 2000 g/mol) using a quadratic calibration 

method. 

DSC measurements were performed on a NETZSCH DSC 

204F1 Phoenix instrument, calibrated with indium, tin, 

bismuth and zinc. Samples with a mass of 5-8 mg were 

placed in standard aluminum pans using nitrogen as 

purge gas. The evaluation of the data was conducted 

using Proteus Software (version 5.2.1). For non-

isothermal measurements the samples were pre-heated 

with a heating rate of 10°C/min to 150 °C, at an 

annealing time of 10 min, and cooled down slowly to -

120 °C with a cooling rate of 10 °C/min.  A second 

heating run was performed at a rate of 10 °C/min to 150 

°C, annealed for 10 min and cooled again to -120 °C at a 

rate of 10 °C/min, with an annealing time of 10 min. The 

melting temperature was evaluated from the peak 

maximum of the second heating run and the 

crystallization temperature was evaluated from the peak 

maximum of the first cooling run. 

Small angle X-ray scattering experiments were carried 

out at the Slovak Akademy of Science (Bratislava, 

Slovakia) on a BRUKER NanoStar with a Gallium based 

Metal Jet X-ray source (Excillum, Stockholm) operating 

at 70 kV and 1 mA with a focal size of 80x20 microns. 

The scattered intensity was collected via a 2D position 

sensitive detector (VÅNTEC 2000) with microgap 

technology. The scattering patterns were radially 

averaged and corrected for background scattering in 

order to obtain the scattering intensity in dependence 

on the scattering vector )sin(4q  where 

λ=0.13414 nm is the X-ray wavelength and 2θ is the 

scattering angle. The samples were placed between 

commercially available aluminum foils and measured for 

100 s. For the in-situ SAXS measurements a 

heating/cooling stage (BRUKER, Karlsruhe) was used, 

which allowed stepwise heating between 10-300 °C.  

 

Synthesis of alkyne-functionalized PCL (PCL-alkyne) and 

thymine-functionalized PCL homopolymers (PCL-Thy).  

The synthesis of alkyne-functionalized PCL and thymine-

functionalized PCL homopolymers was accomplished 

based on the procedure already described by Ostas et. 

al. [19,20]. 

 

Synthesis of bromo PS (PS-Br) via ATRP (Mn = 3000, 

Mw/Mn = 1.2) 

The synthesis of PS-Br was accomplished according to an 

already published procedure in the literature [22]. Neat 

styrene (2.2 ml, 0.713 mmol) was added into a schlenk 

flask and deoxygenated six times via a freeze-pump-

thaw method. CuBr (52 mg, 0.357 mmol) was then 

added and the flask was evacuated and backfilled with 

nitrogen 3 times. PMDETA (0.074 ml, 0.357 mmol) was 

injected via a syringe into the flask and purged for three 

times. The flask was placed in an 80 °C oil bath, with the 

initiator (ethyl-2-bromoisobutyrate, 139.1 mg, 0.713 

mmol) injected via a nitrogen-purged syringe to the 

reaction mixture. After 5 h of reaction time, the flask 

was opened and diluted with THF. The mixture was 

passed through an alumina filled column to remove the 

CuBr. It was concentrated on a rotary evaporator and 

precipitated three times in methanol. The obtained 

product was filtered and dried under vacuum. 
1
H-NMR 

(400 MHz, CDCl3) δ ppm:  7.13 (m, n*3H), 6.64 (d, n*2H), 

4.04 (3, 1H), 3.72 (m, 2H), 1.93 (m, n*1H), 1.54 (m, n*2H), 

1.04 (m, 9H). 

 

Synthesis of azide functionalized PS (PS-N3) 

To a solution of PS-Br (1 g, 0.333 mmol) in DMF was 

added NaN3 (86.5 mg, 1.332 mmol) and the mixture was 

allowed to stir at room temperature for 24 h. 
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Subsequently the polymer was precipitated in methanol 

(3 times), filtered and dried under vacuum. 

1
H-NMR (400 MHz, CDCl3) δ ppm:  7.13 (m, n*3H), 6.64 

(d, n*2H), 3.98 (3, 1H), 3.72 (m, 2H), 1.93 (m, n*1H), 1.54 

(m, n*2H), 1.04 (m, 9H). 

 

Synthesis of 2,4-diaminotriazine-terminated PS (PS-Tr) 

via azide/alkyne ‘‘Click’’-chemistry.  

2,4-Diaminotriazine-terminated poly(styrene) (PS-Tr) 

was obtained via click-reaction between azido telechelic 

poly(styrene) (PS-N3) and 6-(4-(prop-2-yn-1-

yloxy)benzyl)-1,3,5-triazine-2,4-diamine (Tr). PS-N3 (0.05 

mmol) and Cu(I)Br (1 equiv) were added into a Schlenk 

flask, evacuated and backfilled with nitrogen five times. 

The ligand, PMDETA (4 equiv.), 6-(4-(prop-2-yn-1-

yloxy)benzyl)-1,3,5-triazine-2,4-diamine (2 equiv.) and 

DMF as solvent (4 mL) were then added to the flask and 

further degassed with nitrogen. The reaction was 

allowed to proceed at room temperature for 24 hours, 

subsequently, the crude product was concentrated 

under vacuum, dissolved in a small amount of DCM and 

injected onto a silica gel packed column. The column 

was flushed with DCM to completely remove the 

unreacted PS-N3. The product was obtained in a solvent 

mixture of DCM: ethyl acetate in a ratio 1:1, Rf = 0.61. 

Finally, the isolated product was precipitated in 

methanol (3 times) to ensure complete removal excess 

of 6-(4-(prop-2-yn-1-yloxy)benzyl)-1,3,5-triazine-2,4-

diamine. 
1
H-NMR (400 MHz, CDCl3, 3kDa) δ ppm: 7.28 (s, 

1H), 7.09 (m, 109H), 6.60 (m, 72H), 5.04 (m, 6H), 4.08 

(dd, J= 2.8 Hz, 1H), 3.76 (m, 2H), 3.63 (m, 2H), 0.84-2.12 

(m, 162H). 

 

Preparation of supramolecular pseudo-block 

copolymers (PCL-Thy)-s-(PS-Tr).  

The supramolecular pseudoblock copolymers (PCL3-

Thy)-s-(PS3-Tr), (PCL3-Thy)-s-(PS7-Tr), (PCL3-Thy)-s-

(PS11-Tr), (PCL6-Thy)-s-(PS3-Tr), (PCL6-Thy)-s-(PS7-Tr) 

and (PCL6-Thy)-s-(PS11-Tr) were prepared via solvent 

blending of equimolar amounts of thymine 

functionalized PCL and 2,4-diaminotriazine 

functionalized PS. Thymine-functionalized PCL and 2,4-

diaminotriazine functionalized poly(styrene) were 

dissolved separately in dry CHCl3. The two solutions 

were then mixed together, filtered, and the solvent was 

finally removed by evaporation. The mixture was dried 

under high vacuum for 2 days, then purged with argon, 

and annealed at 110-120 °C for 5 days to promote the 

formation of the equilibrium structures.  

 

Results and Discussion 

Conceptually we planned to address various 

microphased structures of the supramolecular poly(ε-

caprolactone)-s-poly(styrene) (PCL-Thy)-s-(PS-Tr) 

pseudoblock copolymers (SPBCPs) connected via 

thymine (Thy) and 2,4-diaminotriazine (Tr) bonds. 

Therefore various molecular weights of the PCL-block 

(PCL-Thy) ranging from 3000 (3 kDa) to 6000 (6 kDa) and 

the PS-Tr-block 3000 (3kDa), 7000 (7kDa) and 11000 

(11kDa) were synthetically addressed and the final 

supramolecular polymers were then investigated via 

thermal (DSC) and scattering (SAXS)-methods. The main 

aim was to address the morphological confinement 

effects of the SPBCPs to enable systematic studies of 

their crystallization behavior.  

 

Synthesis and characterization of (PCL-Thy) and (PS-Tr).  

Thymine-functionalized PCL´s of different molecular 

weights (3 kDa and 6 kDa) were synthesized on the basis 

of a previous publication [20]. No further modification of 

the synthetic procedure was done, as the investigated 

structures showed a full optimization of the reaction 

conditions. The obtained compounds were fully 

characterized via MALDI-TOF-MS, 
1
H and 

13
C-NMR 

spectroscopy (see Supporting Information). GPC and 

NMR data presented in Table 1 revealed a good 

agreement between the various molecular weights, 

hence indicating a complete end group transformation. 
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The synthesis of the (PS-Tr´s) were based on a 

polymerization of styrene using ATRP techniques to 

produce polymers with a bromine end group [22], which 

were subsequently transformed into the azido end 

group for further click- functionalization [23,24] with 

2,4-diaminotriazine (Tr). Different polymers ranging 

from 3 kDa to 11 kDa were prepared for this purpose, 

confirming the structures of all prepared (PS-Tr) via NMR 

spectroscopy, GPC and MALDI-TOF-MS (see Table 1 and 

supporting information). The important resonances 

indicating the success of the click reaction were revealed 

via NMR analysis, proving the appearance of the triazole 

ring at 7.28 ppm. Furthermore, no resonances 

originating from the unreacted azido telechelic PS and 6-

(4-(prop-2-yn-1-yloxy)benzyl)-1,3,5-triazine-2,4-diamine 

(Tr) could be observed in the 
1
H-NMR.  

 

                       

Scheme 1: Synthetic approach towards the preparation of the PS-Tr homopolymers and subsequent formation of 

(PCL-Thy)-s-(PS-Tr) supramolecular pseudoblock copolymers (SPBCPs) by blending with PCL-Thy homopolymers. 
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Table 1. Experimental results for the synthesized PCL- and PS-homopolymers. (see scheme 1 for structural details) 

Entry Polymer Yield  
(%) 

Mn(NMR)  

(g/mol) 

Mn(GPC)  

(g/mol) 
Mn(MALDI)             
(g/mol) 

Mw/Mn 
(GPC) 

1 PCL3-alkyne 73 3510 3200 2900 1.2 

2 PCL6-alkyne 75 6410 5900 6250 1.1 

3 PCL3-Thy 68 3820 3400 3800 1.4 

4 PCL6-Thy 76 7180 6300 6800 1.3 

5 PS3-Br 88 3080 3000 3300 1.2 

6 PS7-Br 90 7420 6800 6950 1.1 

7 PS11-Br 85 11880 11200 10900 1.2 

8 PS7-N3 95 3780 3100 3430 1.2 

9 PS7-N3 97 7330 6900 6750 1.2 

10 PS11-N3 94 12110 11800 11180 1.3 

11 PS3-Tr 78 3330 -
b
 3700 -

b
 

12 PS7-Tr 62 7560 -
b
 6880 -

b
 

13 PS11-Tr 56 11340 10800 10790 1.3 
  a

Isolated yields after purification.  
b
The molecular weight could not be determined because of adsorptive 

interactions with the GPC column.  

 

Non-isothermal DSC investigations of the SPBCPs.  

Prior to the crystallization studies of the SPBCPs, thermal 

degradation analysis of the homopolymers and the 

individual blocks was probed. Two decomposition steps 

for the SPBCPs (PCL-Thy)-s-(PS-Tr)  (~200 °C and ~375 °C) 

were observed, specifying the decomposition 

temperatures of the PS-Tr and PCL-Thy blocks 

respectively (supporting information, Figure S7). 

Incorporation of the supramolecular elements was 

found to increase the decomposition temperatures of all 

the investigated polymers. Increase in molecular weights 

for both the crystalline and the amorphous block did not 

have any significant influence on the decomposition 

temperatures. As the two decomposition steps were all 

above the Tg´s of the blocks, crystallization studies of the 

SPBCPs (PCL-Thy)-s-(PS-Tr) at elevated temperatures, 

high above their glass transition temperatures but below 

their decomposition temperatures (50 °C below) cannot 

lead to thermal degradation and thus should not 

influence the thermal investigations.  

With this idea in mind, our crystallization studies were 

conducted (see Figure 2a and Table 2): essentially, all 

PCL homopolymers displayed single melting peaks with 

melting temperatures between 55-57 °C.  

Figure 2b and Figure 3 shows DSC thermograms of the 

SPBCPs with a high molecular weight PS-block and the 

(PS7-Tr) homopolymer for comparison. Two transitions 

(Tg´s) of the two constituent polymers are observed for 

the SPBCPs. The Tgs of the PS-block shift to lower 

temperatures whiles the PCL-block Tgs shift to higher 

temperatures, indicating a partially miscible blend 

behavior [25], where part of the PS/PCL phases are not 

mixed. For these blends, the Tg´s of the hard PS-phase 

increase for samples with larger PS volume fraction. 

Increasing the PCL block results in an increase of the 

hard phase Tg, but with minimal influence on the Tm and 

Tc values. As Tg's in general are difficult in interpretation 

[26], the appearance of two distinct Tgs, corresponding 

to the respective polymer blocks, have been accepted in 

literature [25,27] to occur as a result of microphase 

separation between the blocks.  
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Figure 2. Heating DSC thermograms (10 K/min) for (a) PCL homopolymers and (b) SPBCPs (PCL-Thy)-s-(PS-Tr), with 

different molecular weights and a control sample ((PCL3-Thy)/PS-N3 blend).  

 

Table 2. Non-isothermal DSC measurement data obtained for PCL-alkyne, PCL-Thy, SPBCPs (PCL-Thy)-s-(PS-Tr) and 

sample blend (PCL3-Thy/PS3-N3 blend). 

Polymer 
a
PCL:PS     

(vol %) 

b
Tm      

(°C) 

c
Tc       

(°C) 

e
ΔHm 

(J/g) 

f
ΔHc 
(J/g) 

g
Tg  

(°C) 

h
fc       

(%) 

PCL3-alkyne    - 56.1 32.0 86.9 82.7 -65.2 57.9 

PCL6-alkyne    - 56.3 32.5 89.1 85.2 -63.7 60.1 

PCL3-Thy    - 55.5 30.5 77.3 74.6 -62.3 48.1 

PCL6-Thy    - 57.0 31.4 82.6 81.9 -58.5 53.8 

(PCL3-Thy)-s-(PS3-Tr) 49:51 53.8 18.1 
3.5

d
 

38.3 30.4, 
17.2

d
 

-50.2 
 

13.8 

(PCL3-Thy)-s-(PS7-Tr) 30:70 52.0 25.6 25.1 23.9 -51.0, 
84.0* 

5.2 

(PCL3-Thy)-s-(PS11-Tr) 22:78 52.1 24.1 22.9 11.4 -52.4, 
97.6* 

3.2 

(PCL6-Thy)-s-(PS3-Tr) 64:36 55.4 30.9 55.1 48.9 -55.3 24.5 

(PCL6-Thy)-s-(PS7-Tr) 44:56 54.3 25.0 
5.4

d
 

53.6 45.3, 
9.5

d
 

-49.6, 
87.8*     

17.0 

(PCL6-Thy)-s-(PS11-Tr) 35:65 56.4 32.1 44.0 39.1 -56.5, 
89.5* 

11.1 

PCL3-Thy/PS3-N3 (blend)          - 47.3 13.7 25.2 24.8 57.2    - 

*: Tg values from the PS block, obtained in high molecular PS-blocks.  
a
Calculated [38] from vol%(PS) = N*PS/(N*PS + 

N*PCL), with N*PS + N*PCL = NPS(rPCL/rPS) + NPCL(rPS/rPCL). r are the densities, for which N = molecular weight of the 

individual blocks,         rPCL = 1.146 g/cm
3
 and rPS = 1.047 g/cm

3
. 

b
Melting temperature (peak maximum) taken from 

second heating scans conducted at 10°C/min, 
c
crystallization temperature (peak maximum) taken from cooling scans 

conducted at 10°C/min, 
 d

cold crystallization values,  
e
total melting enthalpy taken from heating scans(i.e. for both 
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Tm1 and Tm2 peaks), 
f
total crystallization enthalpy taken from the cooling scans, 

g
glass transition temperatures of the 

constituent blocks and 
h
degree of crystallinity of the PCL components calculated from fc = (ΔHm.MPCL)/(ΔHm

100%
.Mn), 

where ΔHm is the measured melting enthalpy, ΔHm
100%

 =146 J/g is the melting enthalpy for 100% crystalline PCL,  

MPCL is the molecular weight of pure PCL component (without end group and additives) and Mn is the virtual 

molecular weight calculated by adding up the molecular weight of all constituent blocks including end groups. 

 

The lower molecular weight PS block samples ((PCL3-

Thy)-s-(PS3-Tr) and (PCL6-Thy)-s-(PS3-Tr)) however 

show a single Tg (Tg of PCL-block), with a large shift 

towards higher temperatures in comparison to the PCL 

homopolymer and thus can also be viewed as a partially 

miscible blend with PCL. As emphasized by other recent 

work [ 25, 28-29], the presence of a single broad glass 

transition is not a universal feature of a fully miscible 

polymer blends. Our observed single Tg in some of the 

SPBCPs has also been found in literature [30] for PCL/PS 

partially miscible blends, where a single Tg (Tg of PCL) is 

detected for samples with lower molecular weight PS-

block with the second Tg (Tg of PS) appearing near the Tm 

of the PCL, thus making it difficult to be detected. A 

closer look at our obtained results (Figure 3), shows a 

similar behavior where the Tg of the (PS3-Tr) 

homopolymer is found to be near the Tm of the PCL, 

hence upon attaching the (PCL-Thy)-block, a resultant 

downward shift in the Tg of the PS will make it overlap 

with the melting peak of the PCL, thereby preventing it 

from being resolved. Supramolecular blending of the PCL 

with the PS block strongly influenced the melting 

behavior of the PCL (Table 2 and Figure 2). A single 

endotherm at ~55-57 °C is observed for the neat PCL, 

but two melting endotherms are observed for most of 

the investigated SPBCPs ((PCL3-Thy)-s-(PS7-Tr), (PCL3-

Thy)-s-(PS11-Tr), (PCL6-Thy)-s-(PS3-Tr) and (PCL6-Thy)-

s-(PS11-Tr)). Samples with nearly equal volume fraction 

of the constituent polymers however displayed only one 

endothermic peak, but in effect showed a crystallization 

peak upon heating from the Tg towards Tm of the PCL 

(cold crystallization), thus indicating the presence of two 

separate phases within a polymer blend [31] or a 

microphase segregated block copolymer.  

The effect of the H-bonding interactions effect on our 

SPBCPs samples was also investigated using a controlled 

blend sample ((PCL3-Thy)/(PS3-N3)) devoid of 

supramolecular interactions (Figure 2b). Comparison of 

this blend with an SPBCP sample having the same 

constituent block ratios (PCL3-Thy)-s-(PS3-Tr) showed a 

completely different behavior in their crystallization 

parameters. While the blend sample displayed two 

endothermic peaks, the SPBCP sample showed a single 

endothermic peak with an emergence of a cold 

crystallization peak.  
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Figure 3. Heating DSC thermograms (10 K/min) for the 

SPBCPs (PCL-Thy)-s-(PS-Tr) with higher molecular weight 

PS-blocks, showing Tg´s of both PCL- and PS-blocks. 

 

Figure 4. Heating rate effect on the melting behavior of 

(PCL3-Thy)-s-(PS7-Tr). 

 

Influence of heating rate kinetics on the melting 

behavior of the SPBCPs was additionally studied (Figure 

4).  As can be seen in this figure, the two endotherms 

persist in our investigated SPBCP upon increasing the 

heating rate, indicating two separate thermal events 

occurring within the blend. It is known that upon 

addition of an amorphous component to a crystallizable 

block the Tm value is expected to decrease as a result of 

morphological and thermodynamic effects [32]. As 

shown in Figure 2 for the SPBCPs (PCL-Thy)-s-(PS-Tr), the 

first endothermic peak (Tm1) is nearly the same as in the 

neat PCL, suggesting that the Tm1 peak clearly represents 

a pure PCL phase outside the PS microdomains, while 

the Tm2 can be attributed to phase separation of the PCL 

phase within the PS microdomains.   

 

Isothermal crystallization kinetics of the SPBCPs  

In order to get a detailed insight into the crystallization 

kinetics of the SPBCPs, isothermal DSC scans were 

conducted, after melting the sample for 20 min at 120 °C 

and quenching at 20 K/min to a specific crystallization 

temperature (35 °C) (Figure S10). As a generally 

accepted fact [33,34] the kinetics of crystallization in 

polymers (block copolymers, polymer blends) can be 

explained by Avrami exponents ranging from 1 to 3, 

which indicates an often constrained growth of the 

crystals limited by the glassy amorphous segments of 

the microphase-separated blocks.  

Avrami exponents of about ~2 (second-order kinetics) 

were obtained for all our investigated SPBCPs, as 

compared to our previous (PCL)-s-(PIB) samples [19] 

with Avrami exponents approximately ~3. This could be 

an indication of an at least partially confined 

crystallization process as a result of the embedded PS-

phase. The Avrami index obtained exhibited a slightly 

decreasing trend upon decreasing the PCL content 

within the blocks (see supplementary data). The 

decreasing trend results obtained were in agreement 

with the results of Lorenzo et. al. [35] for covalently 

bound linear PCL-b-PS block copolymers.  
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Figure 5. Temperature-dependent FTIR spectra of (a) SPBCP (PCL3-Thy)-s(PS3-Tr) and (b) blend sample (PCL3-

Thy)/PS3-N3 

 

FTIR Studies 

The aggregation-state of the supramolecular bond of the 

SPBCPs was investigated using FTIR spectroscopy in the 

crystalline and molten state at various temperatures 

between 25 °C to 140 °C. Figure 5 shows a comparison 

between an SPBCP ((PCL3-Thy)-s-(PS3-Tr)) and a blend 

sample ((PCL3-Thy)/(PS3-N3 blend)), having similar 

molecular weights of the respective polymers. In the 

case of the SPBCP, the broad absorption bands between 

3280 and 3360 cm
-1

, indicating a bound (associated) N-H 

stretching vibrations (hydrogen bonds between thymine 

and 2,4-diaminotriazine) was stable up to 100 °C. The 

peak shape begins to shift and flatten off at 

temperatures above 100 °C, indicating the opening of 

the hydrogen bonds. For the case of the blend sample 

however, significant changes (above 60 °C) in the N-H 

stretching vibrational peak region similar to the PCL 

homopolymer (PCL3-Thy) [19] were observed. It can be 

concluded that the investigated SPBCPs thus were truly 

connected via an H-bonding interaction of the 

supramolecular elements (thymine and 2,4-

diaminotriazine) during the crystallization studies.   

 

SAXS investigations on the supramolecular 

pseudoblock copolymers (SPBCPs).  

In order to investigate the phase behavior (ordered or 

disordered states), in-situ SAXS measurements of the 

supramolecular pseudoblock copolymers (SPBCPs, (PCL-

Thy)-s-(PS-Tr)) were performed by varying the 

temperatures (Figure 6 and supporting information, 

Figure S9). The temperature program during the SAXS 

measurement was conducted by initial heating of the 

samples to a temperature of 50 °C below the Tg of the PS 

and then to 100 °C above the Tg of the PS, with a waiting 

time of 30 min.  
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Figure 6. In-situ temperature dependent SAXS measurements for the supramolecular pseudoblock copolymers (PCL-

Thy)-s-(PS-Tr) (a) (PCL3-Thy)-s-(PS3-Tr), (b) (PCL3-Thy)-s-(PS7-Tr), (c) (PCL3-Thy)-s-(PS11-Tr) and (d) (PCL6-Thy)-s-

(PS3-Tr). 

 

Subsequently the samples were then slowly cooled 

down to 80 °C, 60 °C, 50 °C and 30 °C with a 30 min 

waiting time. SAXS curves of the supramolecular 

pseudoblock copolymers are shown in Fig. 6 and Fig. S9. 

Two prominent peaks are visible in Figs. 6a, 6b and 6d: 

The peak at higher q-values remains unchanged up to 

100 °C and shifts to smaller q-values (larger distance in 

real space) for the higher molecular weight pseudoblock 

copolymers. In addition to these two peaks, a shoulder is 

visible (e.g. for (PCL3-Thy)-s-(PS3-Tr) with peaks at 

about q=0.3 and 1.0 nm
-1

 and a shoulder at q=1.7 nm
-1

). 

Due to the size of these units, this peak shifts from the 

material with the lowest molecular weight (PCL3-Thy)-s-

(PS3-Tr) from d=6.3 nm to d=7.4 nm for (PCL6-Thy)-s-

(PS7-Tr) and d=7.6 nm or the one with the highest 

molecular weight, (PCL6-Thy)-s-(PS11-Tr) (SAXS pattern 

max2 

with qmax2 being the SAXS intensity peak maximum of the 

peak at high q-values from a fit with a Lorentzian 

function).  

The broad peak located at low q-values (around q = 0.3 

to 0.4 nm
-1

) disappears above 50 °C and re-appears after 

being cooled to 40 °C, indicating a melt-recrystallization 

process in the SPBCPs. Analogously as described above, 

a Lorentzian function was used to describe the shift of 

the peak maximum qmax1, and the distance in real space 

is obtained from the maximum in q- max1. 

This peak at low q-values is more pronounced after 

performing the temperature treatment (heating and 

subsequent cooling), which indicates the melt-

recrystallization mechanism towards more stable and 

less imperfect structures as also observed for a PLLA-PCL 
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diblock copolymer [36]. Crystallization of the PCL core 

within an amorphous poly(n-butyl acrylate) (PBA) shell 

has also been shown in literature [37], pointing at an 

observation similar to our observed SAXS patterns.  

For  (PCL3-Thy)-s-(PS11-Tr) (Fig. 6c), no clear and distinct 

peak at around q = 0.4 nm
-1

 was observed during 

cooling, probably, because PS is dominating the SAXS 

signal due to the very low volume fraction of the 

crystalline PCL block in this SPBCP. Surprisingly, the 

distance of the units derived from this peak does not 

increase with increasing molecular weight. A slight 

decrease from d=21.3 nm (PCL3-Thy)-s-(PS3-Tr) to about 

d=18.2 nm (PCL3-Thy)-s-(PS7-Tr) was found. For these 

polymers, two melting peaks were observed indicating 

fractionized crystallization in confined space (data for all 

the SPBCPs are shown in Fig. S11 in the supporting 

information). SAXS and DSC thus support the view that 

the PS-blocks act as confined space (Figure 1) for the 

crystallization of the PCL, but the confinement is 

considerably stronger in the case of SPBCPs with 

strongly differing molecular weight than for equal ones.  

 

Conclusions 

Polymers bearing either thymine end group (PCL-Thy) or 

2,4-diaminotriazine (PS-Tr) end groups were prepared 

and associated via the specific supramolecular 

interactions. Their crystallization behaviors were 

investigated by DSC studies and in-situ SAXS 

experiments. DSC studies revealed a partially blended 

microphase segregation of the SPBCP samples, especially 

with higher molecular weight PS block (i.e., PS7-Tr and 

PS11-Tr). Samples with nearly equal volume fraction of 

PCL/PS blocks showed a cold crystallization behavior 

with a single endotherm, while samples with different 

block ratios showed a double endotherm (fractionated 

crystallization). In-situ temperature dependent SAXS 

studies of the pseudoblocks, based on fits using 

Lorentzian functions for the temperature dependent and 

temperature independent peaks, showed that the PS-

blocks acted as confined space for the crystallization of 

PCL. The investigations complete the picture of 

crystallization in supramolecular block copolymers, 

indicating that miscibility effects exerted by the 

hydrogen bonds are dominant especially at lower 

molecular weights of the two immiscible blocks. Only at 

higher molecular weights the expected phase 

segregation between the PS and the PCL-blocks takes 

place, now leading to the formation of confined 

crystallization within these SPBCPs.  
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4.0 SUMMARY 

In this thesis, the crystallization and switching dynamic studies of azobenzene copolymers and 

supramolecular block copolymers was investigated by synthesis of designed polymers and by physico-

chemical methods. The design and synthesis of the azobenzene copolymers poly(Ɛ-caprolactone)-based 

azobenzenes, precision ADMET poly(ethylene)-based azobenzenes) and supramolecular block copolymers 

(poly(Ɛ-caprolactone)-b-poly(styrene) served to obtain three different polymers: modified reminiscent 

poly(ethylene) obtained from ADMET polymerization having azobenzene units in the main chain, poly(Ɛ-

caprolactone) (from ROP), as well as poly(styrene) (from ATRP) bearing H-bonds with different molecular 

weights for the crystallization studies.  

 

Poly(Ɛ-caprolactone)-based azobenzenes  

[Appiah, C.; Siefermann, K. R.; Jorewitz, M.; Barqawi, H.; Binder, W. H., Synthesis and characterization of 

new photoswitchable azobenzene-containing poly(Ɛ-caprolactones). RSC Advances 2016, 6 (8), 6358-

6367]. 
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Scheme 4.1. General synthetic pathway toward the designed poly(Ɛ-caprolactone)-based azobenzenes 

 

Poly(Ɛ-caprolactone)-based azobenzenes (7 and 8) were synthesized via ROP of PCL and post-

functionalized by attaching a mono- and bi-armed azobenzene-chromophores via the copper-catalyzed 

azide-alkyne Huisgen cycloaddition reaction (Scheme 4.1). Different molecular weights of PCL, ranging 

from 1000 g/mol to 7000 g/mol were used for this purpose. Precise chemical structures of the mono- and 
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bi-armed polymers were proven via chromatographic techniques (HPLC under LCCC-conditions, LC/ESI-

TOF MS, 2D LC/SEC) as well as 2D H/H COSY NMR experiments. The used techniques were able to prove 

the purity of all of the samples and the excellent separation of the mono-armed polymers (7) from the bi-

armed polymers (8).  

 

Poly(ethylene)-based azobenzenes  

[(1) Appiah, C.; Woltersdorf, G.; Binder, W. H., Synthesis of photoresponsive main-chain oligomers with 

azobenzene moieties via ADMET oligomerization and their micellization properties. Polym. Chem. 2017, 8, 

2752-2763. (2) Appiah, C.; Woltersdorf, G.; Pérez-Camargo R. A.; Müller A. J.; Binder, W. H., Crystallization 

behavior of ADMET Polyethylene Containing Azobenzene Defects. Eur. Polym. J. 2017. accepted]. 
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Poly(ethylene)-based azobenzenes, on the other hand, were synthesized via acyclic diene metathesis 

(ADMET) reactions, using mild reaction conditions and different ruthenium-based catalysts (Grubbs-I, 

Grubbs-II, and Grubbs-Hoveyda-I), in which azobenzene moieties were precisely placed within the olefin 

chains. Two different azobenzene polymers were synthesized: o,o H/H-azobenzene polymers and o,o F/F-

azobenzene polymers (Scheme 4.2). The reason for the two different synthesized chemical architectures 

was to study the influence of electronic effects on the cis-trans switching dynamics of the azobenzene 

polymers and on their subsequent crystallization studies. Different molecular weight oligomers and 

polymers (13) were synthesized (Mn,SEC = 3.0 kDa-17.0 kDa). Subsequent hydrogenation reactions with p-

toluenesulfonhydrazide yielded the fully saturated azobenzene oligomers/polymers (14) (Scheme 4.2), 

which was thoroughly characterized by 1H-NMR, FTIR and liquid chromatography under critical conditions 

(LCCC). The obtained saturated and unsaturated azobenzene oligomers/polymers were proven to form 

micelles in solution, where their size and morphologies were characterized by DLS and TEM (Figure 9). As 

a result of photo-isomerisation from the trans- to cis-state, the aggregates reduced in size, which was 

accompanied by a visible change of the solution from turbid to clear. The azobenzene groups in the as-

prepared o,o F/F-oligomers/polymers were in a primarily stable trans-state and exhibited a strong π–π* 
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absorption band at 320 nm. Irradiation of the solution with green light (λ ~ 520 nm) decreased the 

intensity of the π-π* absorption band while the n-π* absorption band intensity at 426 nm slightly 

increased. The switched cis form had a lifetime of approximately 14 h before it relaxed by thermal 

recovery to the trans-state. Trans to cis switching in the melt, however, yielded only 19 % of the cis-form.  

Compared to the solution state switching, a difference of about 47 % was observed to exist between the 

two switching modes. The low conversion yield to the cis-form in the melt state switching was due to the 

hindrance of the UV irradiation of the azo bond by the chromophore backbone. The cis form of the o,o 

H/H-oligomers/polymers on the other side was observed to relaxed much faster to its trans-form within 1 

h time, showing that the o,o F/F-azobenzene polymers having the higher electronic stabilization effect, 

displayed an increased stability on the cis-isomer in comparison to the o,o H/H-azobenzene polymers. 

 

Figure 9. Hydrodynamic radius of the aggregates before (trans-state) and after switch (cis state) of the 

azobenzene copolymers. 

 

Consequently, the crystallization studies in this system were done, using DSC, SSA and WAXS analysis. DSC 

studies revealed a decrease in the melting enthalpy of (14) (ΔHm range from = 61-117 J/g) and a shift of 

the Tm values to high temperatures (Tm range from 141-159 °C) when compared to ADMET PE without 

defect (Tm = 134 °C, ΔHm = 211 J/g). SSA and WAXS analysis of (14) (Mn = 2800-17000 g/mol) showed the 

inclusion of the azo-moieties into the PE crystal, resulting in mixed crystal structures. Accordingly, SSA did 

not cause a significant fractionation, as expected if defects were included within the lamellar crystal. The 

unsaturated azobenzene polymers (13) on the other hand were 100 % amorphous, recording no Tm and Tc 

values. A glass transition temperature, Tg in the range of 68-91 °C was observed for these unsaturated 

azobenzene polymers (13). Changing the molecular structure of the defect from o,o H/H-azobenzene to 

o,o F/F-azobenzene, led to an increase in the melting temperatures of about 14 °C and an increased 

enthalpy of about 51 J/g. This was due to the strong dipolar interactions of the F-atoms in the o,o F/F-

azobenzene oligomers/polymers that stabilized the chain conformations in the crystalline state, thus 

enhancing the thermal stability of these oligomers and polymers. 
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Poly(Ɛ-caprolactone)-b- poly(styrene)  

[Appiah, C.; Akbarzadeh, J.; Stojanovic-Marinow, A.; Peterlik, H.; Binder, W. H., Hierarchically 

Mesostructured Polyisobutylene-Based Ionic Liquids. Macromol. Rapid Commun. 2016, 37 (14), 1175-

1180]. 
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Scheme 4.3. General synthetic pathway toward the designed of supramolecular block copolymers; poly(Ɛ-

caprolactone)-b-poly(styrene)  

 

To investigate the crystallization behavior of the supramolecular block copolymers, a series of poly(Ɛ-

caprolactone)-b-poly(styrene) (22) were successfully synthesized. Different molecular weight 

supramolecular block copolymers, each having poly(Ɛ-caprolactone) (PCL) as a crystallizable block which 

was linked to a second block poly(styrene) (PS) were synthesized. The supramolecular nature of this bond 

was based on a triple complementary hydrogen bond between the thymine end group incorporated into 

the PCL (16) and the 2,4-diaminotriazine end group shown in the second PS block (21). The synthesis of 

the thymine-functionalized PCL contained two steps: polymerization and subsequent 

functionalization. The polymerization proceeded was performed via a coordination insertion ring-opening 
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polymerization (ROP) using Ɛ-caprolactone as monomer, 5-hexyn-1-ol as initiator and tin (II) 2-

ethylhexanoate as catalyst. The amorphous PS block on the other side was prepared via atom transfer 

radical polymerization (ATRP) of styrene, using ethyl-2-bromoisobutyrate as an initiator and CuBr as a 

catalyst.  Azide end groups were introduced in the subsequent step and the final functionalization of the 

PS-block was performed via an azide/alkyne-click reaction with 6-(4-(prop-2-yn-1-yloxy)benzyl)-1,3,5-

triazine-2,4-diamine (2,4-diaminotriazine) (20) and PS-N3 (19). The purity of the functionalized polymers 

was determined via NMR measurements and MALDI-ToF MS. Thymine-functionalized PCL (16) with 

molecular weights ranging from 3000 g/mol to 6000 g/mol and 2,4-diaminotriazine-functionalized PS (21) 

with molecular weights of 3000 g/mol to 11000 g/mol were subsequently blended in a low polar solvent 

(DCM),  enhancing their supramolecular interactions via a triple complementary H-bonding reactions. 

Crystallization studies of the supramolecular block copolymers were subsequently investigated using DSC 

studies and in-situ SAXS experiments. DSC studies revealed a partially blended microphase segregation of 

the supramolecular block copolymers, especially the cpolymers with the higher molecular weight PS 

blocks (7000 g/mol and 11000 g/mol). Copolymers (22) (Mn = ~7000 g/mol) with nearly equal volume 

fraction of PCL/PS blocks showed a cold crystallization behavior with an emergence of a single 

endothermic peak, while samples with different block ratios showed a double endothermic peak 

(fractionated crystallization). In-situ temperature dependent SAXS studies of the supramolecular block 

copolymers based on fits using Lorentzian functions for the temperature dependent and temperature 

independent peaks showed that the PS blocks acted as confined space for the crystallization of the PCL 

(confined crystallization).  
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6.0 SUPPLEMENTARY INFORMATION 

6.1 Synthesis and Characterization of new Photoswitchable Azobenzene-containing poly(ε-

caprolactones). 

 

Synthesis of 4-azidobenzoic acid  

The synthesis of 4-azidobenzoic acid was followed 

as described in the literature [250]. To a 

suspension of 4-aminobenzoic acid (4.5 g, 33 

mmol) in water (25 mL) in a 2 L-round bottom 

flask was added concentrated HCl (5.6 mL) drop 

wise while the mixture was vigorously stirred. 

After the addition has been finished the reaction 

mixture was cooled down to 0 °C with an ice-salt-

mixture. A solution of NaNO2 (2.3 g, 33 mmol) in 

water (10 mL) was added slowly (about 30 min) 

via dropping funnel. The colour of the mixture 

changes to yellow-orange during the addition. 

Subsequently, a solution of NaN3 (2.14 g, 33 

mmol) in water (25 mL) was added slowly whilst 

the mixture was vigorously stirred, whereby an 

enormous foam formation could be observed. The 

cooling bath was removed and stirring was 

continued for 90 min and afterwards a 100 mL 

water and 125 mL ethylacetate were added. The 

phases were separated via a separating funnel and 

the water phase was extracted two times with 50 

mL ethylacetate. The organic phase was washed 

with 1 N NaOH (40 mL). The water phase was 

acidified with 1 N HCl (80 mL), whereby a yellow 

solid precipitates. During the acidification 

ethylacetate (150 mL) was added in portions, 

which solves the yellow solid. The organic phase 

was separated and the unified organic phases 

were then dried over Na2SO4, filtered and 

concentrated via vacuum distillation at room 

temperature to furnish a yellow solid. Yield: 4.98 g 

(92 %).  

1H-NMR (400 MHz, DMSO, δ, ppm): 12.89, (s, 1H), 

7.94 (d, 2H, J = 8.63 Hz), 7.19 (d, 2H, J = 8.63 Hz). 
13C-NMR (100 MHz, DMSO, δ, ppm): 166.9, 144.4, 

131.6, 127.7, 119.6.  

IR: 2813, 2541, 2101, 1672, 1600, 1577, 1507, 

1424, 1316, 1282, 1177, 1138, 1122, 934, 856, 765 

 

Synthesis of 4-azidobenzoylchloride  

4-Azidobenzoic acid (1 g, 6.13 mmol) was added to 

freshly distilled thionylchloride (22.2 mL, 306 

mmol) and refluxed for 4 h at 75 °C. When the 

reaction has finished the excess thionylchloride 

was removed under vacuum. The achieved brown 

solid was dried using high vacuum. Yield: 1.1 g (99 

%). 

1H-NMR (400 MHz, DMSO, δ, ppm): 8.10 (d, 2H, J = 

8.63 Hz), 7.12 (d, 2H, J = 8.63 Hz). 13C-NMR (100 

MHz, DMSO, δ, ppm): 167.8, 144.4, 131.6, 127.7, 

119.6.  

IR: 3098, 2401, 2252, 2119, 1737, 1594, 1498, 

1417, 1306, 1282, 1208, 1171, 1121, 876, 837, 

815, 804, 726, 696, 642. 

 

 

Figure S1: 1H-NMR spectrum of compound 4-

azidobenzoic acid 
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Figure S2: 13C-NMR spectrum of compound 4-

azidobenzoic acid 

 

 

Figure S3: 1H-NMR spectrum of compound 4-

azidobezoylchloride 

 

 

Figure S4: 13C-NMR spectrum of compound 4-

azidobezoylchloride    
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N3

3,3 -bis(poly(Ɛ-caprolactone)-benzamido)azobenzene  (polymer-2a)

3,3 -bis(benzamido)azobenzene  (cpd.  3)

Figure S5a:  FTIR spectra of compound 3 and 

polymer-2b showing the disappearance of the 

azide group after the click chemistry. 

                      

 

Figure S5b:  FTIR spectra of compound 2 and 

polymer-1b showing the disappearance of the 

azide group after the click chemistry. 
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Figure S6: 1H-NMR spectrum of PCL-alkyne3 

 

 

Figure S7: 13C-NMR spectrum of PCL-alkyne3 

 

 

Figure S8: 1H-NMR spectrum of compound 1 

 

 

Figure S9: 13C-NMR spectrum of compound 1 

 

Figure S10: 13C-NMR spectrum of compound 2 

 

Figure S11: 13C-NMR spectrum of compound 3 
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Figure S12. ESI-TOF spectra of the 

photoswitchable polymer-1, showing the 

observed and simulated signals. 

 

 

 

 

Figure S13. Proton homonuclear correlated 2-

dimensional 1H-1H COSY NMR of polymer-1b.  
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Figure S14: fragmented structures obtained from 

the ESI-TOF-MS analysis for polymer-1a                            
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Figure S15: TGA curves of compound 3, polymer-

1b, polymer-2b and PCL-alkyne3. 
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6.2 Synthesis of Photoresponsive Main-Chain Oligomers with Azobenzene Moieties via ADMET 

Oligomerization and Investigation on Their Micellization Properties. 

Experimental part 
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Scheme S1: Synthetic scheme of the fluorinated and non-fluorinated azo-monomers 

 

Synthesis of 2,6-difluoro-4-bromoaniline (2) 

A solution of 2,6-difluoroaniline (12.9 g, 100 

mmol) in acetonitrile (200  mL)  was  charged with  

N-bromosuccinimide  (17.8  g,  100  mmol).  The 

mixture was stirred for 24 h at room temperature, 

and then diluted with water and hexanes. The two 

phases were separated and the organic phase was 

dried over MgSO4, filtered, and concentrated 

under reduced pressure. The crude residue was 

purified by column chromatography 

(DCM/hexanes:1/1) to give compound (2, 92%).  

1H-NMR (2, CDCl3): δ ppm 6.99 (dd, J = 6.3 Hz, 1.4 

Hz, 2H, m-ArH-N), 3.73 (s, 2H, NH2). 
13C- NMR (2, 

CDCl3): δ ppm 152.7 (d, J = 8.7 Hz), 150.8 (d, J = 7.7 

Hz), 123.5, 114.8, 107.1. 19F-NMR (2, CDCl3): δ 

ppm -132 (m). HRMS (ESI) calcd for C6H5BrF2N 

([M+H]+) 207.9568, found 207.9563 

 

Synthesis of 4-amino-3,5-difluorobenzonitrile (3) 

A solution of compound (2) (10 g, 48mmol) in DMF 

(100 mL) was added CuCN (12.8 g, 144 mmol) and 

refluxed for 24 h. Afterwards, the mixture was 

poured into a NH3 12% aqueous solution and 

extracted with ethyl acetate. The two phases were 

separated and the organic phase was dried over 

MgSO4, filtered, and concentrated under reduced 

pressure. The crude residue was purified by 

column chromatography (DCM/hexanes:2/1) to 

give compound (3, 72%).  

1H-NMR (3, CDCl3): δ ppm 7.16 (dd, J = 6.3 Hz, 1.8 

Hz, 2H, m-ArH-N), 4.15 (s, 2H, NH2). 
19F-NMR (3, 

CDCl3): δ ppm -130 (m). HRMS (ESI) calcd for 

C7H3F2N2 ([M-H]-) 153.0439, found 153.0424 

 

Synthesis of 4-amino-3,5-difluorobenzoic acid (4) 

Compound (3) (5.3 g, 35 mmol) was suspended in 

NaOH 1M (160 mL) and heated to reflux for 24 h. 

The reaction was then cooled down to room 

temperature, and 1M HCl added to it, until the 

product precipitates as its hydrochloric salt. The 

salt was then dissolved in ethyl acetate, dried over 

MgSO4, filtered, concentrated under reduced 

pressure, to give compound (4, quantitative). 

1H-NMR (4, CDCl3): δ ppm 12.73 (s, 1H, COOH), 

7.69 (dd, J = 5.1 Hz, 1.6 Hz, 2H, m-ArH), 3.31 (s, 

2H, NH2). 
13C-NMR (4, CDCl3): δ ppm 165.5, 150.6 

(d, J = 9.3 Hz), 148.4 (d, J = 9.3 Hz), 129.6, 117.5, 
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112.2. 19F-NMR (4, CDCl3): δ ppm -130 (m). HRMS 

(ESI) calcd for C7H4F2NO2 ([M-H]-) 172.0245, found 

172.0241 

 

Synthesis of ethyl 4-amino-3,5-difluorobenzoate 

(5) 

Compound (4) (5.3 g, 30 mmol) was dissolved in 

ethanol (100 mL) and H2SO4 (2 mL), and refluxed 

for 10 h. The mixture was neutralized with 

saturated NaHCO3, extracted with DCM, the two 

phases were separated and the organic phase was 

dried over MgSO4, filtered, and concentrated 

under reduced pressure to give compound (5, 

73%).  

1H-NMR (5, CDCl3): δ ppm 7.52 (dd, J = 7.3 Hz, 2.1 

Hz, 2H, m-ArH), 4.18 (q, J = 7.4 Hz, 2H, CH2-CH3), 

3.97 (s, 2H, NH2), 1.36 (t, J = 7.2 Hz, 3H, CH2-CH3). 
13C-NMR (5, CDCl3): δ ppm 169.5, 152.2 (d, J = 8.5 

Hz), 149.3 (d, J = 8.5 Hz), 128.8, 118.3, 112.5, 61.4, 

14.2. 19F-NMR (5, CDCl3): δ ppm -130 (m). HRMS 

(ESI) calcd for C9H10F2NO2 ([M+H]+) 202.0614, 

found 202.0612 

 

Synthesis of diethyl-4,4’-(2,2’,6,6’-

tetrafluoro)azobenzene dicarboxylate (6) 

A one-neck flask was charged with compound (5) 

(1 g, 5 mmol) and a freshly ground mixture of 

KMnO4 (8.5 g) and FeSO4∙7H2O (8.5 g) dissolved in 

DCM (150 mL). The solution was refluxed 24 h, 

filtered through celite, dried over MgSO4, filtered, 

and concentrated under reduced pressure. The 

crude residue was purified by column 

chromatography (DCM/hexanes: 1/1) to give 

compound (6, 38%).  

1H-NMR (6, CDCl3): (80% trans-isomer) δ ppm 7.26 

(m, 4H, m-ArH-N=N-ArH), 4.19 (q, J = 7.2 Hz, 4H, 

CH2-CH3), 1.42 (t, J = 7.1 Hz, 6H, CH2-CH3). 
13C-NMR 

(6, CDCl3): (80% trans‐isomer) δ ppm 164.6, 154.5 

(d, J = 5.2 Hz), 153.2 (d, J = 5.2 Hz), 133.8, 113.0, 

62.1, 14.0. 19F-NMR (6, CDCl3): δ ppm -118 (d, J = 

6.1 Hz), -119 (d, J = 8.5 Hz). HRMS (ESI) calcd for 

C18H15F4N2O4 ([M+H]+) 399.0962, found 399.0966 

 

Synthesis of 2,2’,6,6’-tetrafluoro-4,4’-

dicarboxyazobenzene (7) 

Compound (6) (350 mg, 0.9 mmol) was dissolved 

in 15 mL THF and 4 mL 1 M NaOH was added, the 

solution was stirred for 2 h at room temperature. 

In the meantime, the solution was adjusted to pH 

= 4 with 1 M HCl, extracted with ethyl acetate and 

the organic phase concentrated under reduced 

pressure to give compound (7, 94%). 

1H-NMR (7, DMSO): (80% trans-isomer) δ ppm 

12.75 (s, 2H, COOH), 7.26 (d, J = 8.2 Hz, 2H, m-

ArH-N=N-ArH). 13C-NMR (7, DMSO): (80% trans‐

isomer) δ ppm 165.9, 155.8 (d, J = 5.2 Hz), 153.6 

(d, J = 5.2 Hz), 135.6, 133.4. 19F-NMR (7, DMSO): δ 

ppm -118 (d, J = 6.1 Hz), -119 (d, J = 8.5 Hz). HRMS 

(ESI) calcd for C14H7F4N2O4 ([M+H]+) 343.0336, 

found 343.0333 

                

 

Figure S1. FTIR spectra of the non-fluorinated 

azobenzene compounds. (a) shows the spectrum 

of the azo-monomer used for the oligomerization 

reactions, (b) shows the spectrum of the 
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unsaturated oligomers and (c) Shows the 

spectrum of the saturated oligomers after 

hydrogenation  

 

 

 

H-AP3 (unsaturated) H-AP3 (saturated)

 

Figure S2. UV-VIS and Ultrafast dynamics measurements of the non-fluorinated azo- compounds, showing 

the full delay time range of transient, upon 338 nm excitation.  
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Figure S3. Thermal decomposition of the azo-monomers and oligomers 

 

 

Figure S4. TEM images of the fluorinated azo-oligomers (4b) before (a) and after (b) photo-irradiation 
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Figure S5: 1H-NMR of the fluorinated azobenzenes. The numbers (1) shows the azo-monomers before 

oligomerization, (2) shows the azo-oligomers after oligomerization, a, b and c shows 24 h, 72 h and 120 h 

oligomerization time respectively. 

 

Figure S6. MALDI-ToF MS spectra of the unsaturated azo-oligomer (3a, run 4) 
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Figure S7. 13C-NMR of ethyl 4-amino-3,5-difluorobenzoate (5) 

 

 

Figure S8. 13C-NMR of 2,2’,6,6’-tetrafluoro-4,4’-dicarboxyazobenzene (7) 
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Figure S9. 13C-NMR of the symmetric fluorinated azobenzene diene monomer (2b) 

 

 

Figure S10. 13C-NMR of the symmetric non-fluorinated azobenzene diene monomer (2a) 
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Figure S11. 13C-NMR of the of the unsaturated azo-oligomer (3b) 

 

 

Figure S12. 13C-NMR of the of the saturated azo-oligomer (4b) 
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Figure S13. HRMS (ESI) of the 2,2’,6,6’-tetrafluoro-4,4’-dicarboxyazobenzene (7) 

 

 

Figure S14. HRMS (ESI) of the fluorinated azo-monomer (2b) 
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Figure S15. HRMS (ESI) of the non-fluorinated azo-monomer (2a) 

 

  

Figure S16. 19F-NMR spectra of the fluorinated compounds. 
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Figure S17. Estimated thermal cis to trans isomerisation kinetic studies of the fluorinated azobenzene 

monomer in DMSO. Plots of % trans-isomer (as determined by UV-VIS absorbance spectroscopy) versus 

time (min) at different temperatures.  
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Figure S17. Arrhenius plot (left), Van’t Hoff plot (right), and the corresponding kinetic data and 

thermodynamic parameters at 298 K as calculated using the Arrhenius and Eyring equations. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

T (K) K (s-1) ΔH‡ (kJ/mol) ΔS‡ (J/mol) ΔG‡ (kJ/mol) 

298 1.02 x 10-4 72 -297 96 

323 1.40 x 10-4   103 

398 2.79 x 10-4   190 
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6.3 Crystallization behavior of ADMET Polyethylene Containing Azobenzene Defects 

 

 

Figure S1.1H- NMR spectrum of the F-azo monomer. Inset shows the change in the cis/trans resonance 

peak after green light irradiation (λ ~ 520 nm). 

 

 

Figure S2. DSC heating/cooling scans of the F-azo monomer before green light irradiation. 

Measurements were conducted by annealing the samples at 10 K/min for 1h at temperatures of; 

(i) 75 °C (ii) 100 °C (iii) 125 °C (iv) 130 °C, (iv) 140 °C (v) 150 °C and (vi) 175 °C. Data are rescaled 

and shifted vertically for clarity.  
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Figure S3.  Glass transition temperature at 68 °C for the H-azo monomer  

 

 

Figure S4. 1H-NMR investigations on the temperature dependent kinetics measurements of the non-

fluorinated azo-monomer before irradiation (i-v) showing the trans : cis ratio of the monomers after 

thermally annealing the samples in DSC at different temperatures for 1h (rate of heating is 10 K/min, 

trans : cis ratio before start of experiment is ~78:22 respectively). Experiment (i) was conducted at 50 °C, 

(ii) was conducted at 75 °C,  (iii) was conducted at 100 °C,  (iv) was conducted at 125 °C and (v) was 

conducted at 150 °C. 
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Figure S5. 1H-NMR investigations on the temperature dependent kinetics measurements of the 

fluorinated azo-monomer before irradiation (vi-x), showing the trans : cis ratio of the monomers after 

thermally annealing the samples in DSC at different temperatures for 1h (rate of heating is 10 K/min, 

trans : cis ratio before start of experiment is ~80:20 respectively). Experiment (vi) was conducted at 50 °C, 

(vii) was conducted at 75 °C, (viii) was conducted at 100 °C, (ix) was conducted at 125 °C and (x) was 

conducted at 150 °C. 

 

 

Figure S6. Four cycle DSC heating scans of the H-azo polymer showing apparently no change in the 

melting enthalpy. The glass transition (Tg = 84 °C) on the other hand remains constant until the 4th heating 

scan, where a slight shift to higher temperature results (Tg = 91 °C). 
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6.4 Crystallization in Segregated Supramolecular Pseudoblock Copolymers 

 

Figure S1: 1H-NMR spectrum of 6-(4-(prop-2-yn-1-yloxy)benzyl)-1,3,5-triazine-2,4-diamine (Tr). 

 

Figure S2: 13C-NMR spectrum of 6-(4-(prop-2-yn-1-yloxy)benzyl)-1,3,5-triazine-2,4-diamine (Tr). 
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Figure S3: 1H-NMR spectrum of azido functionalized poly(styrene) (PS3-N3). 

 

Figure S4: 1H-NMR spectrum of 2,4-diaminotriazine-telechelic poly(styrene) (PS3-Tr). 
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Figure S5: MALDI-TOF-MS spectrum of thymine functionalized PCL (PCL3-Thy). 

 

Figure S6: MALDI-TOF-MS spectrum of the 2,4-diaminotriazine-telechelic poly(styrene) (PS3-Tr) 
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Figure S7: TGA curves for (PCL3-Thy)-s-(PS3-Tr) pseudoblock copolymer, PCL3-Thy and PCL3-alkyne, 

showing the thermal decomposition temperatures. 

 

Figure S8: Cooling DSC thermograms (10 K/min) for PCL3-alkyne, PCL3-Thy and (PCL3-Thy)-s-(PS7-Tr). 
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Figure S9: In-situ temperature dependent SAXS measurements for (a) (PCL6-Thy)-s-(PS7-Tr) (b) (PCL6-

Thy)-s-(PS11-Tr) pseudoblock copolymers and (c) PCL3-Thy homopolymers. 

 

Figure S10. Avrami plots for the supramolecular pseudoblock copolymers, consisting of PCL-Thy and PS-Tr 

with different molecular weights. The values in parenthesis are the Avrami indexes obtained from the 

slope, upon linear fitting of the graphs. 
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Figure S11: Distance of units: large distance from peak maximum qmax1 at small q-values (a) and small 

distance from peak maximum qmax2 at high q-values (c). Coherence length evaluated from Scherrer 

formula (L=K 2 /Δq) with Δq the full-width at half-maximum and K=0.94 the shape factor: Large distance 

peak (c), small distance peak (d). 

The higher the molecular weight of the component PS, the larger the distance (Fig. S11c) and the lower 

the degree of order (lower coherence length, Fig. S11d) of the temperature-independent peak at high q-

values (small distance peak). Differently, the temperature dependent crystallization peak (large distance 

peak) decreases in size with increasing molecular weight of PS (no crystallization was observed for the 

(PCL6-Thy)-s-(PS11-Tr) pseudoblock copolymer). 
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Figure S12: Annealing temperature effect on the melting behavior of (PCL3-Thy)-s-(PS7-Tr). The two 

clearly observable endotherms (Tm1 and Tm2) at 33 °C and 35 °C gets closer to each at 30 °C annealing 

temperature, making it difficult to clearly resolve them separately. Further decrease from 25 °C to 15 °C 

results in a total disappearance of the Tm1 peak, and a shift of the Tm2 peak towards lower temperatures. 

 

Figure S13: POM images of (a) (PCL3-alkyne) (b) (PCL3-Thy) (c) (PCL3-Thy)/PS3-N3 blend and (d) (PCL3-

Thy)-s-(PS3-Tr) in the crystalline state at 30 °C 
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