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Abstract  

Azobenzene containing polymers (azopolymers) can exhibit a photo-reversible solid to liquid transition which is illustrated by a 

cyclic softening and hardening of the polymer material upon irradiation. In order to understand the structure–property relationship 

on this transition, Nitroxide Mediated Polymerization (NMP) was used for the first time to synthesize a series of azopolymers. 

Four azopolymers bearing various azobenzene groups were designed with different molecular weights. Photo-isomerization 

properties and photo-reversible solid-to-liquid transitions were studied as function of the molecular weight and structure of the 

azopolymers. It was found that molecular weights and chemical structure of the azopolymer have both an impact on the features 

of the reversible solid-to-liquid transition. In particular, the higher the length of the substituent or the linker, the faster the 

transition. The results obtained in this study help on the one hand to better understand the mechanism of the photo-reversible 

solid-to-liquid transition and on the other hand to consider the design of novel azopolymers for many applications. 
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1. Introduction 

There is an increasing demand in the industry for smart materials and coatings that exhibit advanced properties as reversible 

responses to environmental changes,[1] including for example: temperature,[2] CO2,[3,4] pH[5]. Light-responsive materials in 

which a quick and reversible response can be achieved are of particular interest. Indeed, light is a non-contact and mild energy 

source, which can be used specifically with regard to wavelength, intensity, or polarization direction to achieve precise and remote 

control.[6] 

It has been known for years that depending of their molecular structure, azobenzene molecules and their derivatives can 

undergo reversible trans to cis isomerization upon irradiation with UV or visible light.[7–9] Azopolymers are well known for their 

efficient and robust photo-chemistry.[10] For these reasons, they have found applications in several fields[11] such as biomedical 

application,[12,13] in photoresponsive molecularly imprinted polymers (PMIPs),[14] actuators,[15,16] information 

storage,[17,18] solar energy storage,[19] or light-controlled microfluidics and other photonic devices.[20–23] Recently, it has 

been shown for some azopolymers that the reversible trans-cis photo-isomerization of the azobenzene moiety induces a reversible 

change on the mechanical properties of the material called Reversible Solid-to-Liquid Phase Transition (RSLPT) or photo-

fluidization.[24–27] This transition is illustrated by a repeatable softening and hardening of the polymer material upon irradiation. 

Since then, the development of polymers with switchable mechanical properties has become an emerging research field in 

materials science and technology because of its potential applications such as adhesives,[25] self-healing materials,[28] 

photolithography[29,30] or anti-bacterial coating.[31]  

Although, the RSLPT mechanism was rarely investigated,[26] the main hypothesis is that RSLPT is linked to a glass 

temperature variation during the trans-cis photo-isomerization. For polymers, RSLPT may occur when the processing temperature 

is between the glass transition temperature (i.e. Tg) of the cis form and that of the trans form. For instance, for an azopolymer 

with an acrylate backbone showing a RSLPT in ambient conditions, Zhou et al.[32] measured by DSC a decrease from Tg trans = 

48°C to Tg cis = -10°C upon photo-isomerization. 

Until now, only a few photo-sensitive polymers that undergo a RSLPT have been reported.[33] Most of these polymers are 

based on poly(meth)acrylates backbones [28,32,34–38] with azobenzene type molecules in the side chain. One of the reasons of 

the low number of available polymers that undergo RSLPT, is the strong influence of the azobenzene compounds structure on the 

isomerization properties. For example, Wu and co-workers in 2019[37] have shown that the azobenzene/polymer backbone spacer 

plays a major role in the RSLPT of poly(meth)acrylates azo homopolymers. Indeed, for short chain lengths, the Tg did not show a 

significant decrease after irradiation and the phase transition temperature was above room temperature for higher lengths. More 

recently, in 2020, Xu et al.[34] have demonstrated that the liquefaction rate of azopolymers drastically increased as the size of 

substituents increased. Despite these studies, there are still several critical issues or lack that need to be addressed in order to 
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further elucidate the correlation between the macromolecular features, i.e. nature of the azo-monomer, length of the polymer…. 

and the photo-responsiveness of azopolymers. 

Properties of photoresponsive azopolymers depend indeed on their molecular weight and dispersity Đ values .[11] We have 

then chosen controlled radical polymerization CRP allowing simultaneously the control of the number-average molar mass, the 

dispersity and the chain end of polymer.[39]  ATRP,[34–36,40,41] RAFT[32] or Cu(0)-RDRP[42] are used to polymerize 

azobenzenes bearing an acrylate or methacrylate as polymerizable group. RAFT polymerization can have a disadvantage for a 

photoisomerization study because usually a sulfur is present on the control agent and bring a yellow color to the final polymer, i.e. 

meaning an absorption in the UV-visible wavelength range. In ATRP polymerization, copper and an amine-based ligand are 

generally used as the catalyst. The removal of green-coloured copper bromide from the final polymer has to be done as previously 

described for coloured RAFT agent and is moreover tedious and time/cost consuming. So finally, NMP Polymerization reaction 

was chosen as simple to enforce experimentally, with only two species present in the reactor, the initiator and the monomer. To 

the best of our knowledge, no scientific paper reports the homopolymerization of azobenzene monomers by Nitroxide-Mediated 

Polymerization (NMP)[43] using an alkoxyamine (BlocBuilder®) as initiator. Only copolymerization with azobenzene in a small 

amount were described. Yoshida et al.[44] used NMP to copolymerize only 1 M% of styrenic azobenzene with BPO as initiator 

and 4-methoxy-TEMPO as a counter-radical. Srichan et al.[45] reported the copolymerization by NMP initiated by the 

BlocBuilder®, of a styrenic monomer with an initial 5 mol% N-substituted maleimide presenting an azobenzene substituent. 

Herein, a series of azobenzene homopolymers with four different functional groups were synthetized by NMP to control the 

polymer chain length and dispersity, and finally study their influence on the RSLPT. We investigated the effect of alkyl- and 

alkoxy-based electron-donor groups, linkers length and polymer chain lengths on the photo-physical properties of the prepared 

azopolymers. Structure of monomers and polymers were characterized by 1H NMR spectroscopy and the molecular 

weight/dispersity values of the polymers determined by size exclusion chromatography (SEC). The photoisomerization behavior 

in solution was followed by 1H NMR in CDCl3. Finally, the photoinduced liquefaction of the bulky polymers were studied by 

optical microscopy under UV irradiation. 

 

2. Results and Discussion 

2.1 Azomonomer synthesis.  

The synthetic methodology for the azomonomers is represented in Scheme 1. The four azobenzene monomers were prepared from 

the corresponding hydroxyazobenzenes previously synthetized (See supplementary data “part 1”), with high yields (75 - 91 %) 

after purification (Table 4).  
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Scheme 1. Synthetic methodology for azomonomers preparation. 

 

All monomeric chemical structures obtained were confirmed by 1H NMR in CDCl3 (supplementary data Figure S1 to S4 “part 2”). 

2.2 Azopolymerization by NMP.  

All polymers were synthetized using NMP carried out at 115 °C. The polymerization was initiated by the BlocBuilder® 

alkoxyamine under control of the SG1 nitroxide radical. First, a kinetic study of the azomonomer “A” polymerization with a 

[M]/[I] of 14 and 27 was performed and each point of kinetics in `Figure 1 represents a monomer/initiator mixture splited from a 

“mother” solution without any purification process, i.e. precipitation (Table S1 in SI “part 2”).  
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Figure 1. Chromatography trace of the kinetic [M]/[I] of 14 (A) and [M]/[I] of 27 (B) of the azomonomer “A”; Number-average 

molecular weight versus conversion, solid line represents the theoretical molecular weight (C); Dispersity versus conversion (D) 

and logarithmic of conversion against time of polymerization (E); circle blue: [M]/[I] of 14 and triangle grey: [M]/[I] of 27. 

 

The logarithm of the conversion evolves linearly versus the polymerization time (Figure 1E) and the theoretical molecular 

weights fit well the experimental number-average molecular weights until 80 % conversion (Figure 1C). After 80 % of conversion, 

the polymerization starts to become less-controlled and the dispersity values increase with a wideness of the molecular weight 

distribution and shoulder (Figure 1B and D). In the same time, the logarithmic values of the conversion become lower than the 

theoretical ones (Figure 1E) that means the appearance of dead chains due to termination reaction.  

In the literature, few azopolymers with high molecular weight, i.e. > 10-15kD, are obtained. Indeed, Cieciórski et al.[36] tried to 

optimize the synthesis of homopolymers of azobenzene by ATRP in 2021. Despite all their attempts with prolonged time of 

polymerization from 24 to 140 h or high M/I value ratio from 50 to 100, a maximum molecular weight was reached around 

15 000 g.mol-1. Wu and coll.[32] synthetized homopolymers of azobenzene by RAFT polymerization (9 900 g.mol-1
, Ð = 1.32) 

and in order to achieve higher molecular weight, they used a preparative cycling SEC to obtain a molecular weight of 

27 000 g.mol-1 with a dispersity value of 1.07. In another work,[42] they synthesized an azopolymer at 21 300 g.mol-1 with a 

dispersity of 1.37 by Cu(0)-RDRP. This difficulty to produce a homoazopolymer with a high molecular weight is the most often 

attributed to a strong steric hindrance or to the propagating radical which could interact with the azo group and then inhibit the 

polymerization.[46]  

 

In order to analyze the effect of the nature and the size of the azopolymer chain, different kinds of azopolymers were synthesized 

(Table 1).  

Table 1. Experimental conditions and features of Azopolymers. 

Name Monomer 
Polymerization  

Time (h) 
[M]/[I][a] 

Conv 

(%)[b] 

Mntheo
 

(g.mol-1)[c] 

Mnexp 

(g.mol-1)[d] 
Ð[e] 

Tg 

(°C)[f] 

PA1 A 7 7 93 2 800 3 400 1.2 44 

PA2 A 16 10 96 4 000 4 900 1.4 48 

PA3 A 3.5 27 56 6 000 5 900 1.2 55 

PA4 A 16 27 95 9 800 8 100 1.3 58 

PB1 B 16 10 92 4 300 6 000 1.3 57 

PB2 B 16 27 97 11500 11 400 1.4 61 

PC C 16 10 100 4 700 7 100 1.4 31 

PD D 16 10 100 4 900 7 400 1.3 60 
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[a] Molar ratio of monomer (M) and initiator (I); [b] conversion determined by 1H NMR; [c] theoretical molecular weight determined from the conversion; [d] 

number-average molecular weight determined from SEC with PS calibration; [e] dispersity (Mw/Mn) determined by SEC, [f] Tg of the trans form determined by 

DSC.  

If we decided to push the conversion, i.e. higher than 90 %, for recovering the largest amount of polymers from the introduced 

monomers, the final dispersity values remained nevertheless relatively low and comprised between 1.2 to 1.4 due to the 

precipitation recovery process.  

In order to enhance the chain length of the azopolymer the initial M/I value ratio was increased up to 109 (Figure S5 and 

Table S1 in SI “part 2”) but these experiments were unsuccessful.  

Another option was to performed the NMP polymerization in DMF under microwave-assisted process (Table 2).[47]  

 

Table 2. Polymerization features and characteristics of azopolymer prepared from monomer “A” under microwave irradiation  

Name 
[M]/[I] 

[a] 

[M]  

(mol.L-1) 

Time  

(min) 
Cv [b] Mntheo

 [c] Mnexp
[d] Ð [e] 

« 1 » 14 0.15 30 44 2 600 2 300 1.15 

« 2 » 27 0.53 30 59 6 300 3 700 1.18 

« 3 » 109 0.78 15 25 10 200 4 400 1.14 

« 4 » 109 0.78 30 30 12 500 4 200 1.15 

« 5 » 109 0.78 60 23 9 700 4 400 1.15 

« 6 » 109 1.21 30 31 12 900 5 700 1.19 

« 7 » 219 1.68 30 17 14 300 6 900 1.19 

[a] Molar ratio of monomer (M) and initiator (I); [b] conversion determined by 1H NMR; [c] theoretical molecular weight determined from the conversion in 

g.mol-1; [d] number-average molecular weight determined from SEC with PS calibration in g.mol-1; [e] dispersity determined by SEC. 

However, with this method, conversion was limited (< 59 %) and the highest molecular mass was 6 900 g.mol-1. The effect of the 

microwave is still open and the reason for the increase in the polymerization rate (Rp) is under debate. Basically, two alternatives 

have been proposed: 1) one attributes the increase in Rp to thermal effects, which means rapid heating of the polymerization 

mixture and formation of super-heated regions. This case can be clearly observed where polymerization rate increases and a 

number of experimental results clearly demonstrate this scenario [48–50]. 2) The alternative idea is based on non-thermal effects, 

i.e. the effect of the microwave irradiation on the kinetic rate coefficients. This scenario is not widely accepted, but there are data 

in literature[47,51–53] that are difficult to explain in the absence of non-thermal effects[54]. In a small number of these cases a 

non-thermal effect has been claimed[54].  

Independent of the mechanistic reason for the increase of the polymerization rate, the increase can be advantageously used to 

reduce the process time. Indeed, the polymerization time is highly reduced from hours to minutes. Indeed, we can highlight the 

experiment “3” where an azopolymer with a molecular weight of 4 400 g.mol-1 with a low dispersity (1.14) is obtained for a 

reaction time of 15 min, in comparison with 3 h under thermal activation. 

 

2.3 Reversible photoisomerization and stability behavior in solution 

2.3.1 Identification of cis and trans isomers.  
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The isomerization behavior of hydroxy-azobenzene compounds and azopolymers were first studied by 1H NMR in CDCl3. 

This technique was chosen instead of UV-visible spectrophotometry because it allows the direct reading of the proportion of the 

cis/trans forms without calibration steps. For small molecules such as hydroxy-azobenzenes and azomonomers, NMR peaks are 

well defined (Figure 2). 1H NMR analysis of azobenzene like molecules in the trans form is common,[42] and peaks are well 

attributed. For cis isomers the peak identification is more difficult and scarcely presented in the literature. In order to attribute the 

1H NMR peaks of the cis isomers COSY NMR (Figure S6 in SI “part 2”) and HMBC (Figure S7 in SI “part 2”) allowing to 

respectively observe coupling between neighboring protons and between carbon and proton in J2 and J3 were performed to 

attribute correctly all the observed peaks (Figure 2). Characteristic peaks due to the cis isomer are shielded (7.1, 6.9, 6.8 and 

6.7 ppm) by comparison with the trans isomer (7.9, 7.8, 7.3 and 7.0 ppm), each peak representing 2 protons due to the symmetry. 

As usual feature of the polymeric state, for the azopolymers, assigned peaks are widened. Apart from this broadening, the 

chemical shifts of the aromatic protons of the azopolymers follow the same trend as their precursor’s counterparts. Due to the 

nearly symmetric nature of species “d and PD”, the 1H NMR attribution is different and represented in supplementary data (figure 

S8 in SI “part 2”). 

 

Figure 2. Aromatic area of 1H NMR spectra of the cis and trans isomers of hydroxyazobenzene “a” and azopolymer “PA2”. 

 

2.3.2. Trans to cis Isomerization under UV.  

An example of kinetic following the isomerization under 0.1 W/cm² UV light of an azopolymer using 1H NMR in CDCl3 and 

all half time of the trans isomer of all species are represented Figure 3.  



  

8 

 

 

Figure 3. Percentage of trans isomer of the different azopolymers as function of the time under irradiation at 365 nm (A). 

Histogram representing the trans half-life time in seconds calculated from a 1st order kinetic model (B). 

 

In the case of the trans-to-cis isomerization, the kinetic follows as expected a 1st order law.[55] As shown by Figure 3, the trans-

to-cis isomerization is fast since the half-life time of the trans isomer varied between 110 and 185 seconds for the irradiation 

power used in the study. Increase of the chain length from PA1 to PA4 and PB1 to PB2 seems to slow down the speed of the 

trans-to-cis isomerization. Even if, it is known that the chemical structure seems to have a relative impact on the trans-to-cis 

isomerization process [56,57]  for a similar Mn (PA3, PB1, PC and PD), trans-to-cis isomerization of PB1 and PC is faster. By 

comparing the chemical structure of these polymers, one can suppose that the presence of longer alkyl chain on the para position 

of the azo group, i.e. PC compared to PA3, leads to a relative increase of the trans-to-cis isomerization speed. This effect may be 

due to an increase of the steric effect or an increase of the inductive electron donor capacity. Oppositely the presence of a 

mesomeric electron-donor group, i.e. ether function, for PD compared to PC, leads to the opposite effect. The increase of the 

length of the alkoxy-linker, between PB1 and PA3, seems to increase the rate of the trans-to-cis isomerization in solution.  

 

2.3.3 Stability of the cis isomer.  

The rate of the thermal cis-to-trans isomerization is known to be determined by the mechanism through which the process 

takes place (inversion, rotation or mixed mechanism).[57] As shown in Figure 4, for all polymers the cis-to-trans thermal 

isomerization followed also a first order kinetic.[55] Because solution concentration has an important effect on the cis half-life 

time value (Figure S9 in SI “part 2”), we compared azopolymer solution with the same concentration (8.3 g.l-1). The molecular 

weight has no significant effect on the cis-to-trans kinetic rate in solution in this range of macromolecular length (Figure 4A). As 

shown by Figure 4B, the thermal cis-to-trans photo-isomerization rate slowed down upon increasing the hydrophobic chain length 

(PC). This result is consistent with the results reported by Chen et al.[58] Increasing the steric hindrance of the alkyl chain 
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substituent in the para position may raises the height barrier of the inversion cis-to-trans mechanism. However, as it was already 

observed for azobenzene molecules, the presence of a mesomeric electron donor, i.e. for PD, seems to cancel this effect.[59]  

 

Figure 4. Evolution of the cis isomer percentage of azopolymers as function of the time in the dark regarding (A) the effect of the 

molecular weight with PA1, PA2, PA3 and PA4 (A) and (B) the effect of the nature of the azobenzene with PA3, PB1, PC and PD. 

Azopolymer (Azopolymer are initially irradiated at 365 nm to obtained the cis isomer. Inset represents the cis-half time in hour of 

the cis isomer calculated with a 1st order kinetic model). 

 

We have shown that the photo-isomerization behavior of azopolymers is impacted by the chromophore structure and particularly 

by the size and the electron-donor capacity of the substitutes. 

 

2.4 Photoinduced solid-to-liquid properties of azopolymers.  

Under UV irradiation, some azopolymers can demonstrate a solid-to-liquid transition.[32] Table 3 shows the observed solid-

to-liquid SL transition under an optical microscope of the series of synthesized azopolymers when illuminated at 365 nm with 

an irradiance of 0.34 W.cm-2. 
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Table 3. Optical microscopy images (350x270 µm²) and irradiation time of the reversible SL transition and glass transition 

temperature measured by DSC of the cis isomer for the synthetized azopolymers  

Azopolymer 
Pristine 

trans form 

15 s of 

irradiation (365 

nm – 

0.34W.cm-2) 

Liquid phase 

(irradiation 

365nm t>120s) 

SL 

transition 

irradiation 

time 

Tg cis 

[°C] 

After 4 days in the 

dark 

PA1 

   

30 s 31 

 

PA2 

   

45 s 45 

 

PA3 

   

45 s  44 

 

PA4 

   

45 s  42 

 

PB1 

   

30 s 38 

 

PB2 

   

60 s  50 

 

PC 

   

15 s 31 

 

PD 

   

30 s 44 

 

For all the azopolymers, we can observe a two-step mechanism for the SL transition. At first, for short 

irradiation time, i.e. t = 15 s, a transition from yellowish to reddish color is observed without apparition of a 

liquid phase. This change of color can be attributed to the trans-to-cis isomerization of the azopolymer. Indeed, 

as shown in Figure 5, upon UV irradiation, the π–π* absorption band of trans azobenzene groups at ≈ 350 nm 

decreased. Correspondingly, the n–π* absorption band of the cis isomer at ≈ 450 nm increased with the 

irradiation time. The fast trans-to-cis isomerization observed in the solid phase confirms our results obtained in 

solution. In a second step, with prolonged irradiation, all the synthetized polymers show an SL transition at an 

irradiation time depending of the polymer nature. At present, for azopolymers the SL transition under 

irradiation is explained by the fact that the trans-to-cis isomerization decreases the glass transition temperature 

Tg of the material.[37] 



  

11 

 

 

Figure 5. Representative UV-visible spectra of cis and trans forms for azopolymers (herein PA2). 

 

Since the change of color of the azopolymers, i.e. trans-to-cis isomerization, occurred before the SL transition, 

we suspect that the Tgcis of our azopolymers are above room temperature and that a supplementary heating is 

needed to exceed the Tgcis and cause the SL transition. The increase of the material temperature can be 

provided by increasing the irradiation time. Therefore, the higher the Tgcis of the material, the longer the 

irradiation time will be. The quantification of the amount of heat that has to be brought to the different 

azopolymer for the SL transition occurrence is not in the aim of the present study and will be reported in a 

future publication. 

To evaluate the effect of the molecular weight on the SL transition, we can compare PA1 to PA4 and PB1 to 

PB2 azopolymers. For these polymers, an increase in molecular weight leads to longer irradiation time needed to 

make the SL transition. As confirmed by the measured value of Tgcis (Table 3) we believe that the observed 

longer irradiation time observed for the SL transition for azopolymer with higher Mn can be explained by the 

increase of Tgcis.  

Concerning the effect of the molecular composition of the chromophore, if we compare PA3 with PB1, PC and 

PD with similar molecular weights, we can see that the SL transition is faster for PB1, PC and PD than for 

PA3. For these polymers either the linker (PB1) or the para-substituent (PC, PD) are longer than those of PA3. 

We believe that the resulting enhanced flexibility leads to a decrease of the Tgcis (Table 3) and thus a faster SL 

transition. Concerning the linker length, our result agrees with those of Wu et al.,[37] and Akiyama et al.[38]  

showing that SL transition at room temperature was only observable with higher alkyl length for azopolymer 

with a structure similar to that of our PA, PB and PC series. When we compare PC and PD, we can see that the 

SL transition is faster for PC. Here we believe that the molecular structure of PD leads to a higher rigidity of 

the polymeric chain and thus a higher Tgcis (i.e. 44°C) compared to PC (i.e. 31°C).  
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2.5 Reversibility of the SL transition.  

As shown on Table 3, four days in the dark are needed for all the azopolymers to recover their yellowish 

color characteristic of the trans form. This result agrees with the good stability of the cis form observed in 

solution (Figure 4). After 4 days in the dark the azopolymers have also recovered their initial solid property 

(Figure 6).  

 

 

Figure 6. Representative AFM force-distance curve on PA3 before and after irradiation, and for 4 days in the 

dark. Arrows indicate the direction of the AFM scanner toward the sample (i.e. approach and retraction) 

 

Atomic Force Microscopy (AFM) force-distance curves representative of the pristine PA3 material (trans 

form) are characterized by a weak hysteresis between the approach and retraction phases, a low adhesion (i.e. 

maximum negative force) and high slope in the region of positive indentation (i.e. high rigidity). These curves 

are characteristic of a solid-like behavior of polymeric material.[60] In comparison the curves, obtained after 10 

min of UV irradiation (i.e. when the SL transition is complete) show a high hysteresis between the approach 

and retracting curves characteristic of a viscous fluid.[60] Finally, when the liquid-like sample is kept in the dark 

for four days the force distance curves return to their original shape which demonstrate the reversibility of the 

SL transition.  
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3. Conclusion 

In this study, in order to understand the structure–property relationship on photoinduced solid-to-liquid transition 

properties, Nitroxide Mediated Polymerization was used to synthesize well-defined azopolymers. Four acrylate 

monomers (A, B, C and D) were designed and then polymerized. Four different molecular weight, i.e. from 

3 400 to 8 100 g.mol-1 were targeted for the “A“ monomer C6H12-azo-CH3.  Higher molecular weights are not 

reachable, even under micro-assisted polymerization, because of the steric hindrance of the monomer. Photo-

isomerization properties and photo-reversible solid-to-liquid transitions were studied as function of the 

molecular weight and the molecular structure of the azopolymers. Both have an impact on the features of the 

reversible solid-to-liquid transition. In particular, the higher the length of the substituent or the linker, the faster 

the transition. This is due to a gain in flexibility of the side chain that leads to a decrease in the Tg value of the 

cis form. These results have to be considered in the design of novel azopolymers for practical applications. 

4 Experimental Section 

4.1 Materials 

Triethylamine (99 %, ABCR), 4-Dimethylaminopyridine (≥ 99 %, DMAP, Sigma-Aldrich), Acrylic Anhydride 

(> 95 %, TCI) were used without purification. The BlocBuilder® alkoxyamine (2-methylaminoxypropionic-

SG1) used as the initiator was supplied by Arkema. All solvents and Dialysis Membrane (Spectra/Por® 6 pre-

wetted RC Tubing, MWCO: 2 kD) were purchase from VWR and used as received. Dry THF was dried using a 

PureSolv (INERT) solvent purification system under N2. 

 

4.2 Synthesis 

Synthesis of hydroxy-azobenzene. Four different hydroxy-azobenzenes (Figure 7) were synthetized and 

characterized following the method described in supplementary data “Part 1”.  
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Figure 7. Denominations of the hydroxy-azobenzene precursors synthetized: (a) HO-C6H12-azo-CH3, (b) HO-

C10H20-azo-CH3, (c) OH-C6H12-azo-C6H13 and (d) HO-C6H12-azo-OC6H13. 

 

Synthesis of azomonomer. All azomonomers were prepared using the same method (Table 4). Hydroxy-

azobenzene (1 eq), anhydride acrylic (1.5 eq), triethylamine (1.2 eq), 4-dimethylaminopyridine (0.3 eq) are 

mixed in dry THF and degassed during 15 min. The reactional mixture was heated at 40°C during 24 h. To 

purify the monomer, the solution is filtered and then washed by precipitation in water (2 times). To finish, the 

powder is dried under vacuum at 30°C. Azomonomers were characterized by 1H NMR in CDCl3 (supplementary 

data Figure S1 to S4 “part 2”). 

 

Table 4. Experimental conditions for azomonomer synthesis. 

AzoMonomer 
MOH-azo

[a] 

(g.mol-1) 

[OH-azo] 

(mol.L-1) 

nOH-azo 

(mmol) 

% 

Yield[b] 

A: C6H12O-azo-CH3 312 3.2 x 10-4 12.8 90 

B: C10H20O-azo-CH3 368 2.7 x 10-4 2.72 91 

C: C6H12O-azo-C6H13 382 2.6 x 10-4 7.9 75 

D: C10H20O-azo-OC6H13 398 2.6 x 10-4 7.6 82 

[a] OH-azo = hydroxyazobenzene, [b] Yield after purification. 

 

Synthesis of azopolymer by NMP. Azopolymers were synthetized using the same protocol. For example, to 

obtain an azopolymer PA3 with an initial [M]/[I] equal to 27, 0.5 g of azomonomer C6H12-azo-CH3 (366 g.mol-1, 

1.36 mmol) and 19.3 mg of BlocBuilder® (381 g.mol-1, 0.05 mmol) were mixed, degassed during 10 min and 

heating at 115°C during 16 h. The final solution was analyzed by 1H NMR before purification, in this case 95 % 

of conversion were obtained. After purification by dialysis in a mixture of THF, ethanol and water, the purified 

sample is analyzed by 1H NMR and SEC in THF. The obtained number-average molecular weight was 8 100 

g.mol-1 with a dispersity of 1.27. 
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Synthesis of azopolymer by NMP using microwave reactor. Experimental conditions for entry 2 in table 2 

with an initial [M]/[I] equal to 27 is given as an example. 60 mg of azomonomer A (366 g.mol-1, 164 µmol) and 

2.3 mg of BlocBuilder® (381 g.mol-1, 6 µmol) were mixed in 0.25 mL of DMF and degassed during 10 min. 

Then, the mixture is exposed to microwave at 300 W using the SPS mode with a limit of temperature at 

115 ± 1°C. After the exposition, 1H NMR and SEC analysis were realized. In this case, the conversion was 59 % 

and the final number-average molecular weight was 3 700 g.mol-1 with a dispersity of 1.18. 

Photo-isomerization experiments. Irradiation of solutions and powder were performed at 365 nm with a 

High-Power LED from ThorLabs (SOLIS-365C). Irradiance was controlled at 0.10 W.cm-² and 0.34 W.cm-² for 

solution and powder respectively. 

 

4.3 Characterization 

The molecular weight and dispersity values of polymers were measured using size exclusion chromatography 

(SEC) using THF as eluent (flow rate 1.0 mL.min-1) at 35°C. SEC is equipped with a Viscotek VE 5200 

automatic injector, a pre-column and two columns (Styragels HR 5E and 4E (7.8´ 300 mm), an orbit wyatt and 4 

detectors: UV-visible spectrophotometer (Viscotek VE 3210), a Multi-angle Light Scattering detector (Wyatt 

Heleos II), a viscosimeter (Viscostar Neon Wyatt) and a refractive index detector (Viscotek VE 3580). Number-

average molar mass (Mn) and dispersity (Mw/Mn, where Mw is the mass-average molar mass) of the polymers 

were calculated from a calibration derived from polystyrene standards. The polymer samples were prepared at 5 

g.L-1 and filtered through 0.45 μm PTFE filters. 

1H NMR, COSY and HMBC experiments were carried out on a Bruker AVANCE 400 MHz spectrometer in 

CDCl3 at 25°C. Chemical shifts were reported as ppm downfield from TetraMethyl Silane (TMS). The polymer 

solution in CDCl3 were prepared at 8.3 g.L-1. 

UV-visible absorbance of polymers was measured on a double-beam spectrophotometer (Cary 5000, Varian). 

Spectra were recorded at room temperature in the range 250−700 nm. 

Glass transition temperature (Tg) were measured with Differential scanning calorimetry (DSC) METTLER 

TOLEDO DSC 3 at 20°C.min-1. Two cycles of temperature were realized to -10°C to 150°C to -10°C. The value 

of the Tg of the second cycle was chosen for the Tg of the trans isomer. After these two cycles, samples were 

irradiated 30 min under 365 nm and then analyzed again between -10°C to 150°C at 20°C.min-1 in order to 

obtain the Tg of the cis isomer. The STARe software was using for DSC treatment. 



  

16 

 

The irradiation time was measured as the time from which the liquefaction of the powder is observed by 

optical microscopy (x20 objective) when the material is subjected to irradiation at 100 mW/cm². 
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