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In this article, we have synthesized a polymer bearing regulated azobenzene groups by one-pot multi-

component polymerization (MCP) based on Passerini reaction, and investigated the self-assembly 

behavior and photo-induced deformation properties. We found that this molecule can form spherical 

structures with size ranging from hundreds of nanometers to several micrometers when being dissolved in 10 

THF. NMR and FTIR study indicates that there are associated hydrogen bonds among the molecules in 

the aggregates, which is responsible for the formation of the nanospheres. By controlling the stirring rate 

as dropping the THF suspension into water, the nanospheres can be sorted according to the size. In this 

way, we have obtained relatively uniform nanospheres in diameter. When irradiated by the UV light in 

the aqueous medium, the nanospheres tend to aggregate into large clusters; while in dry state, they are 15 

ready to merge into island-like structures, showing a good photo-induced deformation property. 

I Introduction 

Polymers with photo-induced deformation properties stand for a 
new type of advanced functional materials.1-12 Upon the external 
light stimuli, the polymers containing photochromic dyes, such as 20 

azobenzene,13-29 spiropyran30, 31 or malachite green,32 carry out a 
macroscopic movement (contraction or extension). This unique 
property is expanded to practical applications like surface relief 
gratings33-39, artificial muscles,29, 40 photo-driven actuators13, 29, 41-

44 and oscillators,45, 46 and so on. When meeting the microscopic 25 

world, this concept can also be employed to manipulate the 
morphologies of the basic constructive elements, in application of 
deformable colloidal spheres,47-52 optical data-storage,49 
controlled release,52-56 etc. In fabricating such kind of 
microscopic structures, the anisotropic nature (mostly the 30 

amphiphilic characters) of block copolymers is widely designed 
and utilized.21, 57-60 Preparation of the functional copolymers is 
normally through two step polymerizations, and sometimes 
followed by grafting of the photochromic groups. Herein, we 
would like to seek a more efficient way to fabricate micro-35 

structures with photo-induced deformation properties. 1) to 
simplify the self-assembly protocol, we attempt to design and 
synthesize a polymer with regulated functional groups, and use it 
as building blocks for self-assembly; 2) supramolecular 
interactions would be designed for the driving force for the 40 

assembly; 3) a suitable and facile polymerization method would 
be optionally pursued.  

Passerini reaction has advantages such as mild reaction 
conditions, atom economy, and tolerance to many functional 
groups.61-64 The recently developed multi-component 45 

polymerization (MCP) based on Passerini reaction has been 
demonstrated a feasible, easy, and efficient method to prepare 

functional polymers. 65-67 In addition, the polymers prepared by 
this method can be endowed with a sequence regulated backbone, 
which would be a fascinating feature for self-assembly via 50 

supramolecular interactions.  

In this article, we have prepared a polymer bearing regulated 
azobenzene functional groups by MCP method. Similar to 
traditional amphiphilic copolymers, this polymer can also self-
assemble into spherical nanostructures. Atomic force microscope 55 

(AFM) and transmission electron microscope (TEM) 
investigation indicate that these nano-spheres show photo-
induced deformation properties both in liquid and dry state. We 
hope this line of research can supply a new clue for constructing 
photo stimuli functional materials. 60 

II Experimental 

Materials 

Hexane-1,6-diamine, ethyl formate, dichloromethane, 

triethylamine, K2CO3, NaIO4, silica gel, NaNO2, NaOH, phenol, 

THF, and ethyl ether were purchased from Sinopharm Chemical 65 

Reagent Co., Ltd. and used as received. Trans-cyclohexane-1, 2-

diol was purchased from Alfa Aesar China (Tianjin) Co., Ltd.. 

Phosphoryl trichloride was bought from Gracia Chengdu 

Chemical Company. 4-(4-amino phenyl)butanoic acid was from 

Shanghai Boyle Chemical Co., Ltd.. Ammonium sulfamate was 70 

purchased from Tokyo Chemical Industry Co., Ltd.. CDCl3, 

CD3OD and DMSO-d6 were bought from J & K Technology Co., 

Ltd.. Deionized and distilled water were used all through the 

experiment. 
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Synthesis of 1,6-diisocyanohexane (A in Scheme 1) 

A solution of hexane-1,6-diamine (11.6 g, 0.1 mol) in 100 mL 

ethyl formate was refluxed for 5 h. The solvent was removed by 

vacuum evaporation. The crude product was used in the next step 5 

without further purification. About 0.1 mol of formamide was 

suspended in 200 mL anhydrous dichloromethane, and then 51 g 

(0.5 mol) triethylamine was added. The mixture was cooled to 

0 °C, and 32 g (0.2 mol) of phosphoryl trichloride was added 

dropwise at a rate that the reaction temperature was maintained 10 

below 0 °C. After being stirred for 2 h, the reactant was poured 

into a 500 mL beaker with 200 mL ice / water mixture containing 

100 g of K2CO3. During the above operation, the temperature was 

kept below 25 °C. The resulting emulsion was stirred for 1 h at 

room temperature. The organic layer was removed, and the 15 

aqueous layer was extracted with dichloromethane. Then the 

combined organic layer was collected and dried with anhydrous 

K2CO3. After evaporation of the solvent, the residue was purified 

by aluminium oxide column chromatography (CH2Cl2 : hexane, 

1 : 1) to give a pale brown liquid (9.4 g). Yield: 69%. 1H-NMR 20 

(300 MHz, CDCl3, 25 °C, TMS), δ (ppm): 3.40 (m, 4H, CH2NC), 

1.70 (m, 4H, CH2CH2NC), 1.48 (m, 4H, CH2CH2CH2NC). 

Synthesis of adipaldehyde (B in Scheme 1) 

60 mL aqueous solution of NaIO4 (1.1 mol/L) was heated to 

70 °C and then added to the aqueous suspension of silica gel (50 25 

g) under stirring. Afterwards, a solution of trans-cyclohexane-1,2-

diol (5.8 g, 50 mmol) in CH2Cl2 (250 mL) was added dropwise 

into the suspension. Then the mixture was cooled to room 

temperature and continuously stirred for 24 h. After the silica gel 

was filtered out, the solvent was removed by vacuum evaporation, 30 

giving colorless oil (5.2 g). Yield: 89%. 1H-NMR (300 MHz, 

CDCl3, 25 °C, TMS), δ (ppm): 9.40 (t, J = 1.4 Hz, 2H, CHO), 

2.15 (m, 4H, CH2CHO), 1.31 (m, 4H, CH2CH2CHO). 

Synthesis of 4-(4-((4-Hydroxyphenyl)diazenyl)phenyl) 
butanoic acid (C in Scheme 1) 35 

In a 1000 mL flask, 200 mL of 0.1 mol/L HCl was added and 

cooled to 5 °C by ice bath, and then under stirring 1.25 g (7.0 

mmol) of 4-(4-amino phenyl)butanoic acid and 0.48 g (7.0 mmol) 

of NaNO2 were added. After the solid being dissolved, 0.80 g 

(7.0 mmol) of ammonium sulfamate were added, followed by 40 

immediate addition of a solution of 320 mL of 0.1 mol/L NaOH 

containing phenol (0.72 g, 7.8 mmol). Then the solution was 

adjusted to pH = 3 by adding 2 mol/L HCl. The precipitate was 

filtered out and washed with water. The solid was dried under 

vacuum and purified by silica gel chromatography. The resulting 45 

product is brown powder (1.2 g). Yield: 61%. 1H-NMR (300 

MHz, CD3OD, 25 °C, TMS), δ (ppm): 7.82 (d, J = 8.7 Hz, 2 H, 

m-PhOH), 7.79 (d, J = 7.5 Hz, 2H, o-azophenyl), 7.37 (d, J = 8.4 

Hz, 2H, m-azophenyl), 6.93 (d, J = 8.7 Hz, 2H, o-PhOH)，2.74 (t, 

J = 7.5 Hz, 2H, CH2COOH)， 2.34 (t, J = 7.2 Hz, 2H, 50 

CH2CH2CH2COOH)，2.01 (m,  2H, CH2CH2COOH). 

MCP based on Passerini reaction 

In an eggplant-shaped flask, 0.57 g (2 mmol) 4-(4-((4-

Hydroxyphenyl)diazenyl)phenyl)butanoic acid was added along 

with 2 mL THF. Then 0.11 g (1 mmol) adipaldehyde and 0.14 g 55 

(1 mmol) 1,6-diisocyanohexane were added. The mixture was 

stirred under nitrogen protection at 45 °C for 48 h. Then the 

solution was diluted with THF, and the product was precipitated 

in cold ethyl ether and separated by filtration. The precipitation 

and filtration was repeated for two more times. The obtained 60 

polymer was dried in vacuum and stored in a desiccator. The 

chemical shifts are defined in supporting information Fig. S1. 

Instruments 

1H NMR spectra of the monomers were obtained on NMR system 

300 (manufactured by Varian) operating at a frequency of 300 65 

MHz. 1H NMR spectra of the polymer were collected at 25 °C on 

an Agilent Direct-Drive II 600 MHz spectrometer.  

Liquid chromatography mass spectroscopy analyses were 

performed on Aglient 6120 Quadrupole system with ESI resource 

produced by Agilent Technologies (USA). 70 

The molecular weight and molecular weight distribution of the 

resultant polymer were determined using a Waters 1515 gel 

permeation chromatograph (GPC). During the measurement, 

DMF was selected as the eluent at a flow rate of 1.0 mL/min and 

the operating temperature was controlled at 50 °C. GPC samples 75 

were injected using a Waters 717 plus auto sampler and 

calibrated with poly(methyl methacrylate) standards purchased 

from Waters. 

Scanning electron micrograph (SEM) images were recorded on a 

Hitachi S-4800 (Japan). TEM characterization was performed 80 

using a Hitachi HT7700 (Japan) operating at 120 kV. The 

samples were casted to carbon-coated copper grids and measured 

without staining. AFM images were recorded on a Multimode 8 

microscope (Bruker, Santa Babara, USA). Peak force quantitative 

nano-mechanical scan mode with Scan Asyst-Air probe (nominal 85 

spring constants 0.4 N/m, frequency 70 kHz, from Bruker) was 

adopted during the measurement. Dynamic light scattering (DLS) 

was measured at ambient conditions using Zetasizer Nano-ZS 

(Malvern Instruments, UK) equipped with a 633 nm He-Ne laser 

and back-scattering detector.  90 

Fourier transform infrared spectroscopy (FTIR) was measured 

using a Nicolet 6700 produced by Thermo Scientific (USA). The 

sample was prepared by casting the THF suspension on the 

calcium fluoride substrates, and dried in vacuum.  

The UV-vis spectra of the samples were measured over different 95 

irradiation time intervals using UV-Vis spectrometer Cary 60 
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Scheme 1 Synthetic route of MCP-azo-OH 
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produced by Agilent Technologies (USA). The UV irradiation on 

the samples were carried out with a fiber lamp SP-9 equipped 

with high-intensity UV source UXM-Q256BY produced by 

USHIO (Japan). 

III Results and discussion 5 

As shown in Scheme 1, an azobenzene-containing polymer, 

denoted as MCP-azo-OH, was synthesized by MCP based on 

Passerini reaction (see the details in the experimental section). 

The molecular weight determined by GPC is 6.5 kDa, indicating 

that the resulting compound contains approximate 7 azobenzene 10 

repeat units. 

To our surprise, MCP-azo-OH shows a very good self-assembly 

property.  Even when being dissolved in THF (which is selective 

solvent indicated by scattering change at different concentration, 

as shown in Fig. S2 in the supporting information), the solution 15 

shows a strong Dyndall effect, suggesting that the molecules have 

self-assembled into some aggregates. The morphology of the 

aggregates was imaged by SEM, TEM, and AFM (the specimens 

are prepared from solution with polymer concentration of 0.5 

mg/mL). As shown in Fig. 1, all the images indicate that MCP-20 

azo-OH forms spherical nanoparticles with size ranging from 

hundreds of nanometers to several micrometers, which is consist 

with DLS data (Fig. S3 in the supporting information). The dark 

dots in TEM image (Fig. 1b) show a uniform contrast, which 

evidences that the nano-spheres are not hollow inside. The 25 

spherical feature can also be reflected from the comparative 

height and the half-height width of the nano-spheres shown in the 

section analysis of AFM image (Fig. 1d).  

Herein, we also found that the size distribution of the 

nanospheres formed in THF was concentration dependent. As 30 

shown in Fig. 2 in the DLS plot, the average hydrodynamic 

diameter (Dh) of the spheres increases with concentration of 

MCP-azo-OH. The average Dh varies from 137 nm to 265 nm as 

the concentration increases from 0.01 to 0.1 mg/mL. In this 

aspect, the self-assembly behaviour is different with the 35 

traditional amphiphilic molecules that the size of the spherical 

micelles will maintain a value in a certain concentration range. 

The concentration dependent size distribution feature is because 

that the polymer molecules are associated by some 

supramolecular interactions in the spherical aggregates, which is 40 

proven by the following experiments.  

As shown in Fig. 3a in 1H NMR spectra, upon addition of a drop 

of D2O, peaks at 10.3 and 7.9 ppm disappear and decrease in 

intensity, respectively. This phenomenon indicates that these two 

peaks represent two different active hydrogens which went 45 

through proton exchange with deuterium of D2O. The peak at 7.9 

ppm is attributed to amide (Hb, Fig. 3a) on the main chain 

(deduced from gCOSY, gHSQC and gHMBC spectra, as shown 

in Fig. S4 in supporting information), and then the peak around 

10.3 ppm should represent the hydrogen (Ha, Fig. 3a) in hydroxyl 50 

group. This result can also be confirmed by FTIR spectrum (Fig. 

3b), in which the vibration peaks of –OH and –NH- (the broad 

peak at around 3284 cm-1) both shift to relatively low wave 

numbers comparing their isolated state (> 3300 cm-1). In addition, 

the peak at around 1659 cm-1 represents the vibrational 55 

absorption of carbonyl groups in amide, which normally stays at 

1680 cm-1 without bonding. The bathochromic shift suggests that 

the carbonyl group should be involved in hydrogen bonds. At the 

same time, the vibrational absorption of carbonyl groups in ester 

bonds stays at around 1740 cm-1, indicating that the carbonyl 60 

groups do not form any hydrogen bond. Summarising the above 

 
Fig. 1 (a) SEM image, (b) TEM image, and (c) AFM image of the 

nanospheres obtained from the THF suspension, which was 

prepared by stirring the solution (0.5 mg/mL) of MCP-azo-OH at 

room temperature for at least 72 h. (d) section analysis of (c). 

 
Fig. 3 (a) 1H NMR spectrums of MCP-azo-OH (a1) before and (a2) 

after addition of D2O. (b) FTIR spectrum of MCP-azo-OH. 

 
Fig. 2 Dh distributions of the nanospheres in THF with different 

concentration. 
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results, we can conclude that: (1) In the aggregates, the amide and 

hydroxyl groups are both involved in the formation of hydrogen 

bonds, but the ester groups are not; (2) Due to the regularity of 

the molecule structure, associated intermolecular hydrogen bonds 

should exist between the molecules; (3) The intermolecular 5 

hydrogen bonds should be responsible for the self-assembly of 

MCP-azo-OH in THF. 

As described in the above discussion, the sizes of the nanoshperes 

reflected by either the microscope images or DLS have a very 

broad range. We were wondering if we could narrow the size 10 

distribution. Herein we found by chance a very interesting 

phenomenon. As we dropped the THF dispersion with 

nanospheres into water, very small amount of precipitation 

appeared on the surface of water. Carefully removed the 

precipitation and checked the nanospheres left in water, and then 15 

we luckily obtained particles with very narrow size distribution. 

What’s more, the average size can be adjusted by controlling the 

stirring rate of water. The relationship between the size 

distribution and stirring rate is systematically studied, and the 

DLS results and corresponding AFM images are shown in Fig. 4. 20 

For a demonstration, the concentration of 0.5 mg/mL of MCP-

azo-OH in THF was selected, and the volume ratio of THF / 

water was 1 / 50. The average size of the nanospheres decreases 

with increase of the stirring rate, as illustrated by the DLS data. 

Under the above mentioned conditions, the average Dh of the 25 

nanospheres is 164 nm at zero stirring rate. When the stirring rate 

increases to 1500 r/min, the average Dh decreases to 74 nm. 

These data are consistent with those evaluated from the AFM 

images, as shown in Fig. 4c-f. When plotting the average Dh 

versus the stirring rate (Fig. 4b), it can be clearly seen that the 30 

average Dh tends to reach a platform as increasing the stirring rate 

to 1500 r/min. Although the nanospheres formed in THF have a 

relatively large size distribution, the particles can be sorted 

according to size, and the size distribution (the data are listed in 

Table S1 & S2 in supporting information) is narrowed by 35 

dispersing in water under stirring. Very interestingly, after 

preparation in water, the size of the nanospheres remains as it 

forms (supporting information Fig. S5) even when further 

increase the stirring rate to the already prepared suspension. This 

result shows that the nanospheres are relatively stable when 40 

dispersed in water.  

In the following, the photo-responsive behavior of the 

nanospheres was investigated. Figure 5a shows the UV-vis 

spectra upon irradiation by a 365 nm fiber lamp (about 40 

mW⋅cm-2) equipped with a 30 mm diameter filter. The intensity 45 

of the peak at around 354 nm decreases with the irradiation time, 

indicating the trans to cis conformation conversion of azobenzene 

group. The photo-responsive property is reflected not only in the 

conformation conversion of azobenzene, but also in the size 

change of the nanospheres. Taking the sample prepared by 50 

dropping THF suspension into water at 1000 r/min for an 

example, the average Dh increases from 88 nm to 1024 nm (DLS 

data in Fig. 5b) after irradiation for 25 min with 365 nm light. 

Since DLS uses spherical model to fit the Dh of the particles, it 

cannot give conception of the morphology change. Thus, in the 55 

following, both AFM and TEM were utilized to investigate the 

microstructures of the aggregates before and after irradiation.  

The aqueous suspension with polymer concentration of 0.01 

mg/mL is irradiated with 365 nm light for 25 min. The specimens 

before and after irradiation were observed by AFM and TEM. As 60 

shown in Fig. 6a & 6c, discrete nanospheres are obtained both in 

AFM and TEM images before irradiation. While after irradiation, 

the nanospheres seem to deform and aggregate into bigger 

clusters, showing a photo-induced deformation property. As afore 

mentioned, the molecules in the aggregates have associated 65 

hydrogen bonds, which work as crosslinks between the molecules. 

Upon irradiation, we assume that the molecular level trans- to cis- 

conformational change of azobenzene groups will be magnified 

and induce the macroscopic deformation of the nanospheres. This 

Fig. 5 (a) Variation of the UV-vis spectra of the aqueous suspension of 

MCP-azo-OH induced by UV light (365 nm) irradiation. (b) Dh 

distributions of the aggregates measured before and after UV light 

irradiation. The samples were prepared by dropping the THF 

suspension (0.5 mg/mL) into water at the stirring rate of 1000 r/min.  

 

 

Fig. 4 (a) Dh of the nanospheres in aqueous suspensions prepared at 

different stirring rate measured by DLS. (b) Plot of the average Dh 

versus the stirring rate. The AFM images of the samples prepared at the 

stirring rate of (c) 0 r/min, (d) 500 r/min, (e) 1000 r/min, (f) 1500 r/min. 

The method of preparing the suspensions is as follows: the 100 µL THF 

suspension (0.5 mg/mL) of MCP-azo-OH was added into the 5 mL 

water at a rate of one drop per minute at different stirring rates. After 

that, the suspensions were kept still at least for 24 h. 
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deformation should be responsible for the formation of the bigger 

clusters in water. Additionally, although trans- to cis- conversion 

of azobenzene group is reversible, the irradiation induced 

deformation is unfortunately not (refer to supporting information 

Fig. S6).  5 

 

We were also wondering if the nanospheres still have the photo-

induced property even in dry state. Thus, a sample was prepared 

referring to the conditions as preparing the sample in Fig. 4f. UV 

light (365 nm) with power of 20 mW⋅cm-2 was used to in-situ 10 

irradiate the sample for 15 min. As shown in Fig. 7, after 

irradiation, the nanospheres merged into island structures. The 

hydrogen bonds still exist after irradiation (supporting 

information Fig. S7). During the irradiation, the hydrogen 

bonding should be responsible for the enlargement of the trans- to 15 

cis- conversion of azobenzene groups, leading to the deformation 

of nanospheres. We are suspicious if the deformation of 

nanospheres is induced by the possible heating effect due to the 

irradiation. Hence we have checked the temperature change 

during irradiation, and found that such an irradiation power and 20 

dose barely cause the increase of temperature of the substrate. 

And a control of heating the sample to 40 °C and keeping for 1 h 

does not show any visible deformation of the nanospheres 

(supporting information, Fig. S8). Therefore, the heating effect 

can be excluded.  25 

Conclusions 

We have synthesized an azobenzene-containing polymer MCP-

azo-OH by MCP based on Passerini reaction, and found this 

molecule can self-assemble into spherical nanostructures. It has 

been proven that the associated intermolecular hydrogen bonds 30 

serve as supramolecular cross-links between the molecules. By 

dropping the THF suspension into water and controlling the 

stirring rate, the nanospheres can be sorted by size. Either in 

aqueous medium or in dry state, the nanospheres can deform 

upon irradiation. We hope this type of research can supply a new 35 

clue for preparing nanostructured materials with photo-induced 

deformation properties. 
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