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Photodimerization as Alternative to Photocrosslinking 

of Nanoparticles: Proof of concept with Amphiphilic 

Linear Polyoxazoline Bearing Coumarin Unit 
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Photosensitive amphiphilic linear polyoxazolines (CoumC11-POxn) bearing alkyl chain decorated by a 

UV-active coumarin end group have been synthesized by cationic ring-opening polymerization (CROP). 

Using DLS and DOSY NMR experiments, their self-assemblies in water were compared with those of 

homologous photo-unreactive amphiphilic polyoxazolines (Cm-POxn). In both cases, spherical 

nanoparticles with DH-values around 10 nm were observed. The CoumC11-POxn nanoparticles were 

illuminated upon λ = 300 nm inducing the photo-dimerization of the coumarin units located in the inner 

compartment of the nanoparticles. Finally, the pros and the cons of the photo-dimerization of linear 

copolymers related to the photo-crosslinking of graft copolymers were discussed. 

 

Introduction 
Amphiphilic copolymers have for a long time attracted much 

attention due to their ability to self-assemble in selective solvents.1-6 

Otherwise, stimuli-responsive polymeric systems including photo-

responsive polymers provide an attractive tool for fabrication of 

tailored smart functional materials.7 Light permits 

photodimerization, photopolymerization, photocrosslinking, 

photoisomerization and photoinduced cyclization reactions.8 UV 

radiation is a simple and convenient form of energy that requires low 

temperature and inexpensive devices. Moreover the photochemistry 

is an energy-efficient process, limits the production of wastes and 

the emission of v 

olatile organic compounds (VOC). For these reasons, the photo-

process can be classified as an environmentally friendly process. It is 

specially adapted to biosourced materials and thermally sensitive 

molecules, as this technology works at ambient temperature.9 The 

photoreaction can be achieved either by cycloaddition of 

photosensitive molecules (chromophore type) or by polyaddition of 

activated double bonds ((meth)acrylic monomers) under radical or 

cationic initiation. In this study, we focus on the macromolecules 

bearing chromophore moieties. 

The use of UV irradiation in polymer field concerns the elaboration 

of soft materials like polymeric micelles and films. In fact, the self-

organization in solution of amphiphilic polymers into micelles could 

occur under UV exposure inducing either by the cross-linking of the 

shell10 or of the core11 to control the macromolecular nanoscale size 

and shape,12 to stabilize the assemblies,13, 14 to disperse single-walled 

carbon nanotubes15 or the photo-degradation of the micelles to 

release a drug.16, 17 The cross-linking of films18 or soft materials 

requires the synthesis of copolymers bearing photosensitive pendant 

groups able to react under UV exposure and transform free 

polymeric chain into 3D material. In a few other cases, α,ω-

terminated polymers decorated by photosensitive end groups 

generate photo-cleavable single-chain nanoparticles19 or have 

polymers capable of reversible chain extension.20 Several reviews 

describe [2 + 2] and [4 + 4] cycloaddition of the photosensitive 

moieties giving a cyclobutane dimer under UV exposure. The main 

photo-reactive chromophores include anthracene,21 cinnamic acid,22, 

23 thymine, stilbene, benzophenone,24 dimethylmaleimide25 and 

coumarin.26, 27 We focus the discussion on the coumarin group which 

enables both UV light-induced chain cross-linking (λ = 320 nm) and 

chain scission (λ = 254 nm) via photodimerization by [2 + 2] 

cycloaddition and photocleavage of the chromophore, respectively.19 

Numerous applications of coumarin have already been described in 

biology and medicine as therapeutic agents (anti-HIV,28, 29 

antibacterial, antihyperproliferative, anticoagulant).30 They are also 

used in perfumes and cosmetics, in tobacco or as fluorescent tags 

and fluoroprobes for instance in herbicide detection. In polymer 

field,31 coumarin was applied in electro-optical applications such as 

photo-cross-linkable liquid crystalline polymers (LCP) (non-linear 

optical devices),32 in photoactive surface applications where 

monolayers of liquid crystal polymers bearing coumarin were self-

assembled on silicon and quartz,33, 34 in electroluminescent devices 

where colors ranged from red to violet by changing the coumarin 

derivative, in light and energy harvesting applications35 and in 

lithography (Scheme 1).36 

 

Otherwise, polyoxazolines (POx) represent valuable bio-inspired 

polymers with a pseudo-peptidic structure and are considered as an 

alternative to PEG. To date, they have mainly been investigated 

towards biomedical applications due to their biocompatibility, 

biodistribution, blood clearance and protein adsorption.37, 38 Well-

defined POx are easily prepared by the cationic ring-opening 

polymerization (CROP) of cyclic 2-R-2-oxazolines and various 

properties are obtained in function of the nature of the R pendant 
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alkyl chain (Me, Et, Pr, etc.). Many macromolecular architectures 

based on POx have already been described such as diblock or 

triblock copolymers bearing hydrophilic and/or hydrophobic 2-

oxazolines only or obtained by combination with other 

polymerization process such as CROP-RITP39 or click reaction 

between two blocks with terminal reactive end groups.40 Graft 

copolymers were also synthesized from macromonomers41 or by 

click reaction with pendant groups.42 These successful syntheses 

were explained by the numerous possibilities of functionalization of 

POx using terminating agents43 or initiators44 as described in several 

recent reviews.45 We can cite our recent work on the association of 

lipidic derivatives and vegetable oils to POx in order to elaborate 

amphiphilic LipoPOx.46-49 

Polyoxazolines could be also decorated by photosensitive groups as 

previously described by David et al..50 They copolymerized in 

dispersion styrene and PMOxmacromers with cinnamoyl end groups 

to obtain monodisperse micrometer size beads even though no UV 

study was described in this paper. Hoogenbooom and Dargaville 

used another strategy with the modification of unsaturated pendant 

chain of poly(2-(dec-9-enyl)-2-oxazoline) by thiol-ene coupling 

under UV condition51 to crosslink the polymeric materials and form 

soft gels. Through this example, a photoreaction occurred on POx in 

the presence of a photoinitiator even though no photosensitive group 

was bored by it. Inversely Chujo and Saegusa developed the 

photogelation of POx substituted by either anthracene52, 53 or 

coumarin54 photosensitive group. These photosensitive 

polyoxazolines were produced in moderate yields after partially 

hydrolysis and amidation with coumarin derivative. The anthracene 

strategy consists in amidation of partially hydrolyzed POx by a 

derivative bearing both anthracenyl and dithioether moieties. The 

reversible redox reaction of disulfide groups enabled the 

interconversion between hydrogel and soluble polymer upon light 

irradiation.  

To our knowledge, the amphiphilic linear POx bearing coumarin in 

terminal position of the backbone have never been described in the 

literature. In most cases, the reactive coumarin moieties are located 

in side-chain. They permit by crosslinking the elaboration of films, 

or of nano-objects by crosslinking of the micellar core or shell as 

illustrated in Scheme 1. Crosslinking by photodimerization has been 

used commercially in the past decade for a wide variety of purposes 

in paint, printing, adhesive, and dental industries as well as in the 

field of photoresist.54 Herein, we investigated the dimerization of 

amphiphilic linear polyoxazoline bearing a terminal coumarin unit. 

Thanks to a preliminary comparison between Cm-POxn and 

CoumC11-POxn, the influence of the coumarin unit on the self-

organization in water was examined. Then, the dimerization of the 

inner part of the nanoparticles was studied in detail by dynamic light 

scattering and microscopy. 

 

 
Scheme 1. Overview of the macromolecular architectures containing 

coumarin unit and their applications. 

 

Results and discussion 
1-Synthesis of amphiphilic linear polyoxazolines 

The amphiphilic diblock polyoxazolines composed of a linear alkyl 

chain and a hydrophilic block poly(2-methyl-2-oxazoline) are named 

Cm-POxn where m corresponds to the number of CH2 units in the 

alkyl chain and n is the oxazoline monomer unit number. The 

terminaison step of cationic ring-opening polymerization (CROP) 

permits the addition of alcohol group at the end of the POx chains. 

We note that the synthesis of Cm-POxn using alkyl iodide initiator 

has previously been described by Volet et al..55 Futhermore, Winnik 

described the same structures but 2-ethyl-2-oxazoline or 2-isopropyl-

2-oxazoline monomers were replaced by 2-methyl-2-oxazoline.56 An 

alternative structure to Cm-POxn includes the addition of 7-hydroxy-

4-methylcoumarin unit at the end of the hydrophobic chain 

(CoumC11-POxn). The comparison of these amphiphilic polymers 

demonstrates the influence of additional UV-active coumarin 

moieties on the self-assembly of amphiphilic copolymers. 

The first step of the Cm-POxn and CoumC11-POxn synthesis is the 

preparation of the tosylated initiators from the corresponding 

alcohols (lauryl alcohol, stearyl alcohol and CoumOH) (Scheme 2). 

In the last case, a preliminary step is required to modify 7-hydroxy-

4-methylcoumarin into CoumOH after adding C11 extension chain. 

Finally, Cm-POxn and CoumC11-POxn are synthesized through CROP 

of 2-methyl-2-oxazoline (MOx) in acetonitrile at 80°C for 15 hours 

before the termination step in the presence of methanolic potassium 

hydroxide. 

The modification of 7-hydroxy-4-methylcoumarin into CoumOH 

and finally the CROP of MOx was monitored by 1H NMR 

spectroscopy as illustrated in Figure 1. The tosylation was detected 

by the appearance of aromatic protons corresponding to Ts group at 

7.80, 7.25 and 2.35 ppm as well as by the shift of the CH2-O from 

3.60 to 3.90 ppm. As expected, characteristic signals of the POx 

block, alkyl chain and coumarin moiety appeared in the 1H NMR 

spectrum of CoumC11-POxn. 

 
Scheme 2. Synthesis of Cm-POxn and CoumC11-POxn amphiphilic polyoxazolines. 
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Fig 1. 1H NMR spectra (300 MHz; CDCl3) of CoumOH, Coum-OTs and CoumC11-POxn. 

 

For Cm-POxn and CoumC11-POxn, various lengths of hydrophilic 

chain, n ranging from 12 to 34, were investigated as compiled in 

Table 1. The relatively low yields of the CROP, given in the 

experimental part, were explained by the low molecular weight 

(Mn=3000 - 1000 g mol-1) of the POx chains that is reluctant to 

precipitation phenomenon. The nature of the initiator has little 

influence on the dispersity of the polymer chains comprised between 

1.1 and 1.3 as determined by SEC in DMF. MPHILE/MTOT ratio 

corresponding to the molecular weight of the hydrophilic POx 

related to the total molecular weight of the amphiphilic polymer was 

also reported to bring out the hydrophilic character of all polymers. 

The percentage of hydrophilic groups per chain varied from 76 to 

94%.  
 

Table 1. Cm-POxn and CoumC11-POxn characteristics. 

Copolymers 

Mn
a 

 

[g mol-1] 

Ð
 a 

 

[-] 

MPHILE/

MTOT
b 

 

[%] 

DH
c
 

 

[nm] 

C12-POx13 1200 1.16 92 7.7 

C12-POx25 2400 1.14 88 8.4 

C12-POx33 2900 1.21 97 7.7 

C18-POx25 3300 1.23 89 11.8 

CoumC11-POx13 1500 1.26 74 9.0 

CoumC11-POx25 2200                                                                                                                             1.18 96 9.9 

CoumC11-POx33 3200 1.30 88 9.4 

a: Determined by SEC in DMF using PMMA standards. b: 

MPHILE/MTOT= 85n/ Mn, GPC. c: Value ± 0.2 nm, determined by DLS 

technique. 

2-Self-organization of Cm-POxn and CoumC11-POxn 

To examine the effect of the hydrophobic chains (C12, C18 and 

CoumC11) on the self-assembly of the corresponding amphiphilic 

polymers, three candidates in POx25 were investigated: C12-POx25, 

C18-POx25 and CoumC11-POx25. Volet et al. have already estimated 

the CMC values of C12-POxn and C18-POxn polymers by 

fluorescence technique and studied the micelles by viscosimetry57 

and SANS.55 Due to the quite pronounced hydrophilic character of 

the copolymers (Table 1), their self-assembly was studied in aqueous 

medium (ultrapure Milli-Q water) and the solutions were prepared 

by direct dissolution of the copolymers at 4 mg mL-1. Preliminary 

studies have been performed to check the effect of the copolymer 

concentration on the self-assembly: by DLS, similar DH-values were 

measured between 4 and 16 mg mL-1 concentration range (data not 

shown). When Cm-POxn and CoumC11-POxn were directly dissolved 

in water, they spontaneously self-assembled as deduced from 

dynamic light scattering (DLS) measurements. The auto-correlation 

functions were measured at different angles including 40, 90 and 

140° leading to corresponding relaxation time distributions obtained 

using CONTIN analysis were reported in Figure 2.58 Whatever the 

scattering angle, the autocorrelation functions (g(2) - 1) exhibit 

monomodal and quite narrow exponential decays. In all cases, the 

linear dependences of the relaxation frequency (Γ) on the square of 

the wave vector modulus (q2) clearly indicate the Brownian diffusive 

motion of particles (Figure 2). The value of the slope is equal to the 

diffusion coefficient 
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Fig 2. DLS results of (a) C18-POx25, (b) C12-POx25 and (c) CoumC11-POx25 directly dissolved at 4 mg mL
-1 

in water. (a, b, c): autocorrelation 

function (g(2)-1) as a function of time (t) and relaxation time distribution at scattering angles of 40, 90 and 140°, and (d) dependence of Γ on 

q2 from 15 up to 150° by step of 5° (coefficient of determination 

for the linear regression (R2)).  

 

 

(D) of the particles from which the hydrodynamic diameter (DH) is 

calculated using the Stokes-Einstein relation (Equation 1): 

 

�� =	 ���
��	
� (1) 

 

where kB is the Boltzmann constant, T represents the absolute 

temperature of the sample and η0 is the viscosity of the pure solvent 

(water in this case).59,60 

The calculated values of DH are 8.4 and 11.8 nm for C12-POx25 and 

C18-POx25, respectively, and 9.9 nm for CoumC11-POx25. Indeed, 

whatever the scattering angle, the relaxation time decreases as 

follows τC18-POx25 > τCoumC11-POx25 > τC12-POx25, reflecting the lower 

diffusion coefficients calculated for C18-POx25 and CoumC11-POx25. 

In order to go deeper in the meaning of the results, DLS experiments 

were carried out in acetone, a good organic solvent for both alkyl 

and polyoxazoline blocks. For CoumC11-POx25, a DH-value of 2.6 

nm corresponding to an isolated single-polymer chain was measured 

(data not shown). This value seems consistent with the one of 

persistence length lP = 2.0 nm previously calculated for the 

polyoxazoline chain and considered as a semi-flexible molecule by 

Volet et al..55 We note that the notion of persistence length is 

strongly correlated to worm-like chain model61, 62 valid for semi-

flexible polymers in dilute solution and could be used to estimate 

(although the molar mass is low) the mean-square diameter of 

gyration (DG) according to Equation 2: 

 

��
 � 	 ������ � 	4��
 �	������ �	������� �1 � exp "� ��
��#$  (2) 

 

where Lc designates the contour length. For n = 25, making the 

hypotheses that the whole polymer chain behaves as the semi-

flexible hydrophilic block and can be viewed as an alkyl chain with 

16 carbon atoms (vide infra) (thus napparent= 25 + (16/3) ≈ 30), we get 

Lc = 10.2 nm and DG = 4.0 nm. Based on a DH-value of 2.6 nm, a 

ratio ρ = DG/DH = 4.0/2.6 = 1.5 was calculated meaning the presence 

of monodisperse random coils made of a single linear chains in a 

theta solvent.  

In contrast to DLS measurements performed in acetone, CoumC11-

POxn exhibits in aqueous medium DH-values of about 10 nm, which 

implies that single unimers are not present in water and that the 

copolymer chains are able to self-assemble into nanoparticles with 

size up to 11.8 nm (Figure 3). In addition, this result shows that the 

system is not compatible with the simple star-like micelle model63 

for which the characteristic expected diameter would be roughly 2LC 

= 20.4 nm. The DH-values of other amphiphilic polymers, C12-POx25 

and C18-POx25, are also reported in Figure 3. 
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Fig 3. Hydrodynamic diameter (DH) determined using DLS as a 

function of the length of POx block for C18-POxn, C12-POxn and 

CoumC11-POxn (direct dissolution in water at 4 mg mL-1). 

 

 

 
Fig 4. 1H DOSY NMR spectrum (600 MHz; D2O) of CoumC11-

POx25 dissolved in water at 11.7 mg mL-1. 

 

The copolymers differ not only by the length of their hydrophilic 

blocks but also by the size and nature of their hydrophobic parts (12 

carbon atoms for C12-POxn, 18 for C18-POxn and 11 carbon atoms 

end-capped by a coumarin group for CoumC11-POxn). For a given 

hydrophobic block, it clearly appears that the DH-values do not 

increase linearly with n but reach a maximum for n = 25 and a 

similar value for C12-POx13 and C12-POx33. The same trend was 

observed for CoumC11-POxn series. The size differences does not 

exceed 10%. Therefore, the length of the hydrophilic block has a 

poor influence on the size of the self-assembly of the copolymers in 

water. Several explanations can be given including the extension of 

the polyoxazoline chains in water and/or their low compactness. 

Besides, the contrast polymer/solvent may be not favorable under the 

experimental conditions. A similar behaviour has already been 

evidenced in a previous work on polyoxazoline-based copolymers.49 

The size of the self-assemblies was more sensitive to the 

hydrophobic block. Note that due to the cyclic character of the 

coumarin group, we hypothesized that the CoumC11-POxn 

copolymers amount to C16-POxn copolymers. The DH-values 

increase with the length of the hydrophobic block. For instance, in 

the POx25 series, DH increases from 8.4, 9.9 to 11.8 nm for C12-

POx25, CoumC11-POx25 (i.e.C16-POx25) and C18-POx25, respectively. 

More precisely, the DH-values increase by 40% when the number of 

carbon of the hydrophobic block increases by 50%. The higher 

characteristic sizes observed for CoumC11-POxn (i.e. C16-POxn) and 

C18-POx25 in water may be explained by the necessity of having a 

higher aggregation number in order to assure an efficient 

stabilization by the hydrophilic block.49 The sizes of the self-

assemblies are mainly controlled by the hydrophobic block length. 

Lastly, note that the characteristic size of the nanoparticles remains 

reasonably unchanged when varying the scattering angle (Figure 3), 

which implies that the systems are relatively monodisperses. 

So as to apprehend more closely and more finely the self-assembling 

behavior of CoumC11-POx25, 
1H diffusion ordered spectroscopy 

NMR (1H DOSY NMR) was performed in D2O as shown in Figure 

4.64-66 It is noteworthy that this technique is appropriate for the 

diffusion coefficients such as 10-12 ≤ D ≤ 2 × 10-3 m2 s-1,66 

corresponding to DH-values lower than ca. 490 nm which is the case 

of CoumC11-POxn nanoparticles measured by DLS. Almost all the 

spots belonged to CoumC11-POx25 hydrogen atoms and they were 

aligned to a unique horizontal line at a D = 4.57 × 10-11 m2 s-1 

corresponding to DH of 10.7 nm. Moreover, the spot at a higher 

diffusion coefficient value was reasonably attributed to free water 

molecules (δ = 4.8 ppm).67 A similar spectrum was recorded in D2O 

for C12-POx24 (see SI) giving a translational diffusion coefficient (D 

= 6.8 × 10−11 m2·s−1) and a DH-value of 7.4 nm. In both cases, these 

results are in good agreement with those determined by DLS (Table 

1) and confirm the self-assembly behavior of the copolymers in 

water. 

 

3-Photo-dimerisation of self-assembled CoumC11-POxn 

With regards to coumarinated polyoxazoline, CoumC11-POxn, a self-

organization in water into nanoparticles constituted of a hydrophobic 

inner part composed of alkyl chains linked to a coumarin unit 

surrounded by a hydrophilic polyoxazoline chains was observed. 

The chromophores located in the nanoparticle inner part were 

dimerized under one hour of UV exposure at λ = 300 nm as 

illustrated in Scheme 3. 

 

Scheme 3. Principle of the photo-dimerization of self-organized 

CoumC11-POxn. 

 

CoumC11-POxn in water were studied by DLS at various scattering 

angles before (Figure 2 c) and d)) and after UV-illumination (Figure 

5). Whatever the scattering angle, the relaxation time distributions 

obtained from the autocorrelation functions exhibit, for all the 

systems, a bimodal exponential decay after UV-irradiation. They are 

shown at scattering angles of 40, 90 and 140° as illustrated for 

CoumC11-POx25 in Figure 5.  
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Fig 5. DLS results of CoumC11-POx25 directly dissolved at 4 mg mL
-1

in water after UV-irradiation. (a, b) autocorrelation

function (g(2)-1) as a function of time (t) and relaxation time distribution at scattering angles of 40, 90 and 140°, and (c) dependence of Γ on 

q2 from 15 up to 150° by step of 5° (coefficient of determination for the linear regression (R2)). 

 

 

Two distributions in size of nanoparticles co-existed with calculated 

DH-values of 11.1 and 228 nm. The lower value is close to the size 

of the nanoparticles measured before UV-irradiation (i.e. 9.9 nm). 

After UV-irradiation, the appearance of bigger nanoparticles may 

originate from inter-particulate aggregations between smaller 

nanoparticles due to covalent binding via dimerization of coumarin 

groups belonging to different primary structures or to weak 

interactions (π-π interactions) between the self-assemblies. As 

expected, the bigger nanoparticles are predominant at low scattering 

angles. However, the fact that the slow relaxation mode (i.e. right 

hand side peak) has a surface area comparable (especially at 90°) 

with the one of the fast relaxation mode (i.e. left hand side peak) 

does not mean that an equal number of small and big nanoparticles 

are present. Indeed, DLS measurements are much more sensitive to 

the bigger objects than small ones.68 Assuming that the present 

nanoparticles behave like hard-spheres in water and that all the 

nanoparticles have the same density, the percentage of small 

nanoparticles can be calculated using Equation 3: 

 
%&'())
%�*+

�	" ,�*+
,&'())

#� -.&'())
.�*+

/  (3) 

 

where NSmall refers to the number of small nanoparticles (fast 

relaxation mode), τSmall is the relaxation time corresponding to the 

small nanoparticles and SSmall represents the surface area under the 

peak related to the small nanoparticles.49,59 For example at 90°, we 

have SSmall = 0.492 a. u., SBig = 0.835 a. u., τSmall = 0.06524 ms and 

τBig = 1.215 ms. Thus, we get NSmall ~ 3800 NBig. Therefore, the small 

nanoparticles represent 99.97% of the nanoparticles in number.  

The DH-values of the coumarin end-capped copolymers self-

assemblies in water before and after UV-irradiation, calculated from 

the particle diffusion coefficients using the Stock-Einstein equation, 

are collected in Figure 6. 

 

Fig 6. Hydrodynamic diameter (DH) determined using DLS as a 

function of the length of the POx block for CoumC11-POxn before 

and after UV-irradiation (direct dissolution in water at 4 mg mL-1). 
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As already mentioned, after UV-irradiation, twbo distributions in 

size of nanoparticles were observed by DLS. It is noteworthy that the 

evolution of the lowest DH-values as a function of n follows a similar 

profile than the copolymer self-assemblies before UV-irradiation. 

Besides, the size of the small nanoparticles, observed after UV-

irradiation, remains close to the starting ones with a maximum 

increase of only 14% for CoumC11-POx33. This relative difference 

tends to increase with the length of the hydrophilic block (from 2 to 

14% for n = 13 to 33). The copolymer with short polyoxazoline 

block (CoumC11-POx13) is less hydrophilic than CoumC11-POx25 and 

CoumC11-POx33, (76% versus 86 and 89%, respectively - Table 1) 

and, consequently, has lower chain mobility within the self-

assemblies in aqueous solution. The system is more confined and the 

inner part of the nanoparticles is more compact, limiting the possible 

re-organizations. With such frozen systems, the UV-irradiation may 

have a very limited impact on the DH-values of the copolymer self-

assemblies. More hydrophilic systems (CoumC11-POx25 and 

CoumC11-POx33) may have a lower compactness enabling, to a 

certain extent, some mobility or re-organization of the copolymers 

within the suspended nanoparticles in water, especially under UV-

irradiation. A slight increase of the size of the primary self-

assemblies is observed in this case, accompanied by an increase of 

the aggregation number (NAgg = 41 before UV versus 65 after UV, 

vide infra). However, note that this phenomenon is not proportional 

to the hydrophilic percentage of the copolymers. 

Regarding the bigger nanoparticles formed after UV-irradiation, the 

characteristic size decreases when the length of the polyoxazoline 

block increases (from 279 nm for n = 13 to 216 nm for n = 33). The 

highest DH-value measured for the copolymer with the shorter 

polyoxazoline chain (CoumC11-POx13) may be linked to the fact that, 

at a constant mass concentration, numerous chains are present when 

n is small. This implies that more coumarin end-groups are available 

in the system, which statistically increases the possibility of having 

coumarin-groups located in the outer part of the primary 

nanoparticles. Consequently, covalent binding via dimerization of 

coumarin groups belonging to different primary nanoparticles 

(provoking the sticking of several of them) is promoted! The access 

of the inner part of the nanoparticles may be easier with shorter 

polyoxazoline chains, which promotes inter-particles binding. 

The aggregation number (NAgg) of the nanoparticles before and after 

UV-irradiation, in the case of CoumC11-POx25, was deduced by a 

Zimm-like plot57 after angular extrapolation towards small angles 

and at a given concentration (dn/dC = 0.2773 mL g-1) (data not 

shown). After extrapolation towards 0, the apparent mass-average 

molecular weight (Mw,app) was equal to 1.02 × 105 g mol-1 before 

UV, and after UV-irradiation to 1.61 × 105 g mol-1 for the primary 

nanoparticles and 4.21 × 106 g mol-1 for the big ones, implying NAgg 

of ca. 41, 65 and 1706, respectively. 

AFM imaging technique was performed on CoumC11-POx25 before 

and after UV-irradiation (Figure 7). Individual and well-defined 

nanoparticles with spherical shape were observed on the substrate. 

Statistical treatment carried out on more than 100 objects gave a 

main height (HAFM, MAX) of 6.5 nm before UV-irradiation. After UV-

irradiation, a main height of 6 nm was observed together with one 

secondary maximum at 22 nm. 

HAFM, MAX obtained before UV-irradiation is in good agreement with 

the DH of 9.9 nm measured by DLS. As expected, the DLS size is 

higher due to the swollen state of the self-assemblies in the presence 

of the solvent. Similar results were obtained after UV-irradiation for 

the small nanoparticles. Regarding the bigger objects corresponding 

to the secondary maximum height of 22 nm, this value is more than 

10 times lower than the DH-value found by DLS (DH = 228 nm). 

This difference may be due to a considerable shrinking upon drying 

of the self-assemblies. It may also be explained by an important 

subsidence of the big nanoparticles due to a weaker mechanical 

resistance in the unswollen state. Besides, it is worth noting that the 

secondary maximum height, observed in the histogram of AFM 

images after UV-irradiation, corresponds approximately to the 

quadruple size of the primary nanoparticles of HAFM, MAX = 6 nm. 

This suggests that the bigger nanoparticles may originate from the 

coalescence of four small nanoparticles. The coalescence may be due 

to covalent bindings via coumarin-groups or more likely weaker 

interactions including coumarin-polyoxazoline or polyoxazoline-

polyoxazoline. The last hypothesis doesn't seem valuable since after 

one hour of UV illumination of C12-POx25, no aggregation was 

observed. Moreover, the coumarin-coumarin interactions across the 

hydrophilic POx corona appeared unlikely. The In brief, the 

amphiphilic linear polymers seem to be relevant macromolecular 

structures to obtain nanoparticles with photo-active inner part. 

Moreover, the synthesis of these polymers offers several advantages 

related to amphiphilic graft copolymers: i) elaboration of similar 

self-organizations using oligomers instead of high molecular weight 

polymers, ii) easy control of the hydrophilic-hydrophobic balance of 

the small polymers, iii) the end chain functionalization of polymers 

is compatible with various polymerization processes including 

radical polymerization, ionic polymerization such as CROP whereas 

the synthesis of graft copolymers is limited to radical polymerization 

with (meth)acrylate monomers, and iv) this synthetic pathway is 

versatile since amphiphilic linear copolymers can be synthesized 

using hydrophobic and hydrophilic comonomers as well as using 

antagonist monomers and macroinitiator (hydrophobic and 

hydrophilic and vice versa). 

 

 

 
 

Fig 7. AFM topographic image in tapping mode using a monolithic 

silicon tip (a) before and (c) after UV-irradiation, and corresponding 

height (HAFM) distribution after baseline correction over more than 

100 self-assemblies (b) before and (d) after UV-irradiation and in 

inset associated topographic cross-section profile corresponding to 

the yellow line on the topographic images for CoumC11-POx25 at 

0.08 mg mL-1 in water dropped onto silica wafer. 
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Experimental 

Materials 

2-Methyl-2-oxazoline (MOx) was dried and distilled from CaH2 and 

stored under dry nitrogen atmosphere. Acetonitrile (ACN) was 

distilled before use and stored under dry nitrogen. 7-Hydroxy-4-

methylcoumarin, 11-bromoundecanol, lauryl alcohol, stearyl 

alcohol, ether, chloroform, ethanol, methanol, p-toluenesulfonyl 

chloride (TsCl), triethylamine (Et3N), pyridine, MgSO4, potash 

(KOH) and potassium carbonate (K2CO3) were used without further 

purification. Dialysis membranes Spectra/Por® - MWCO 500-800 

were purchased from Spectrum Laboratories, Inc. 

 

Measurements 

Nuclear magnetic resonance (NMR) spectra were recorded on a 

NMR BrukerAvance I 300 MHz or on a BrukerAvance III 600 MHz 

spectrometers. The chemical shifts were in part per million (ppm), 

where (s) means a singlet, (d) a doublet, (t) a triplet, (m) a multiplet 

and (dd) a doublet of doublet. Chemical shifts (1H NMR) were 

referenced to the peak of residual CHCl3 at 7.26 ppm. Chemical 

shifts (13C NMR) were referenced to CDCl3 at 77 ppm. Diffusion-

ordered NMR spectroscopy (DOSY) experiments were performed on 

a BrukerAdvance 3 at 20 °C in 2.5 mm microtubes operating at 600 

MHz with D2O as solvent. The software used was Topspin 2.1 using 

the exponential method with a logarithmic scale. Size exclusion 

chromatography (SEC) was performed on a Spectra-Physics 

apparatus equipped with an RI Shodex refractive index detector. 

Two PL-gel mix C columns were used at 70 °C with a 0.8 mL/min 

flow rate of DMF (0.1% LiBr), calibrated using 

poly(methylmethacrylate) standards. Dynamic light scattering (DLS) 

measurements were performed using an ALV/CGS-8FS/N069 

apparatus (from ALV) equipped with an ALV/LSE-5004 multiple τ 

digital correlator with a 125 ns initial sampling time (from ALV) and 

a 35mW red HeNe linearly polarized laser operating at a wavelength 

of 632.8 nm (from JDSU). The copolymer suspensions in water 

(direct copolymer dissolution in Milli-Q water - characterized by a 

resistivity of 18.2 MΩ cm - at a concentration of 4 mg mL-1) were 

successively filtered through 0.45 and then 0.1 µm hydrophilic PTFE 

syringe filters (from Millipore and Whatman, respectively), loaded 

in 10 mm diameter cylindrical cells and maintained at a constant 

temperature of 25.0 ± 0.1 °C prior to measurement. Data were 

collected at different scattering angles ranging from 20 to 154° (i.e. 

4.59 × 10-3 ≤ q = (4πn/λ)sin(θ/2) ≤ 2.58 × 10-2 nm-1 in pure water 

where q represents the squattering vector modulus, n the refractive 

index of the pure solvent (water in this case), λ the wavelength of the 

incident light in vacuo and θ the scattering angle relative to the 

transmitted beam) by a step of 1° for a counting time of typically 

60 s using the digital ALV correlator software. In dynamic light 

scattering (DLS), the relaxation time distribution was obtained using 

CONTIN analysis of the autocorrelation function (g(2)-1).58 In static 

light scattering (SLS), the scattering intensity was correlated by the 

solvent signal and normalized by the toluene signal. The scattering 

volume change with the scattering angle was also taken into account. 

The UV-dimerization of the CoumC11-POxn was performed in a 

cylindrical photochemical reactor “Rayonnet“ composed of 16 

symmetrically placed lamps with emission maxima in two different 

ranges: 254 nm (UV-C) and 300 nm (UV-B). The samples were 

irradiated in quartz cuvettes (1 cm × 1 cm × 4.5 cm) placed on a 

circular rotating holder. UV-visible analyses were conducted with a 

Perkin Elmer - lambda 35 UV/Vis spectrometer equipped with PTP-

1+1 Peltier System. Atomic Force Microscopy (AFM) was carried 

out using Innova™ (Bruker). Sample preparation was done as 

follows: silica wafers were thoroughly washed with Milli-Q water, 

acetone and then fuming nitric acid for 2 h. They were subsequently 

rinsed with Milli-Q water and acetone. Then, the aqueous copolymer 

suspensions at 0.08 mg mL-1 were successively filtered through 0.45 

and then 0.1 µm hydrophilic PTFE syringe filter (from Millipore and 

Whatman, respectively) and 50 µL were dropped onto silica wafers 

which were allowed to dry for 4 days in an exicator under static 

vacuum in the presence of silica gel. In the case of samples analyzed 

after UV irradiation, 4 mg mL-1 aqueous copolymer suspensions 

were successively filtered through 0.45 and then 0.1 µm hydrophilic 

PTFE syringe filter (from Millipore and Whatman), irradiated for 1 h 

under a wavelength of 300 nm using a “Rayonnet” apparatus, diluted 

50 times and 50 µL were dropped onto silica wafers. Topography 

and phase signal images were recorded with a resolution of 512 × 

512 data points. Images were obtained in tapping mode using silicon 

tips with a spring constant of 48 N m-1 and a resonance frequency of 

approximately 190 kHz (Vista Probes, Phoenix, USA). The images 

were processed in Gwyddion open source software. 

 

Synthesis of CoumOH 

7-Hydroxy-4-methylcoumarin, K2CO3 (0.7 eq.) and 11-

bromoundecanol (1.4 eq.) were dissolved in ethanol (0.25 M). The 

mixture was heated at 85 °C for 20 h before being cooled and 

precipitated in diethyl ether. The crude product was filtered, dried 

under vacuum and recrystallized from ethanol. After filtration and 

drying under vacuum, a white powder was obtained in 75% yield. 
1H NMR (300 MHz, CDCl3), δ = 7.4 (d, 1H, H2), 6.8 (d, 1H, H7), 6.7 

(s, 1H, H9), 6.1 (s, 1H, H6), 3.9 (t, 2H, H11), 3.6 (m, 2H, H21), 2.3 (s, 

3H, H4), 1.8 (m, 2H, H12), 1.5-1.2 (m, 16H, H13-H20). 

 

Synthesis of tosylated initiators: Tosylation of lauryl alcohol and 

stearyl alcohol: C12-OTs and C18-OTs 

To a solution containing lauryl alcohol or stearyl alcohol in presence 

of 2 eq. of pyridine dissolved in chloroform (0.5 M), was added 

dropwise at 0°C and left at room temperature during 24 h a solution 

of p-toluenesulfonyle chloride (TsCl) in chloroform (0.5 M). The 

mixture was washed with water (3x), and saturated Cu(SO4)2 

solution, dried over anhydrous MgSO4, filtered, and evaporated 

under reduced pressure to yield a white powder (65% in C12-OTs 

and 70% in C18-OTs). 
1H NMR (300 MHz, CDCl3), δ = 7.8 (d, 2H, CHaroTs), 7.25 (2H, 

CHaroTs), 3.9 (m, 2H, CH2-OTs), 2.3 (s, 3H, CH3Ts), 1.8-1.1 (m, 15 or 

23H, CH2 and CH3terminal). 

 

Tosylation of CoumOH: CoumOTs 

A chloroform solution (1 M) of TsCl (1.5 eq.) was added dropwise 

at 0°C to a chloroform solution (1 M) of CoumOH and pyridine (2 

eq.). The resulting solution was stirred at RT for 24 h, filtered and 

washed with brine (3x). The organic phase was dried over anhydrous 

MgSO4 and concentrated under reduced pressure. A recrystallization 

from diethyl ether gave a white powder in 60% yield. 
1H NMR (300 MHz, CDCl3), δ = 7.8 (d, 2H, CHaroTs), 7.4 (d, 1H, 

H2), 7.25 (2H, CHaroTs), 6.8-6.7 (m, 2H, H7 and H9), 6.1 (s, 1H, H6), 

3.9 (m, 2H, CH2-O-), 3.5 (m, 4H, H11 and H21), 2.35 (s, 3H, CH3Ts), 

2.3 (s, 3H, H4), 1.8 (m, 2H, H12), 1.5-1.2 (m, 16H, H13-H20). 

mp = 62°C 

 

Typical procedure of cationic Ring-Opening Polymerization (CROP) 

of MOx 

Polymerizations were carried out under a dry nitrogen atmosphere. 

The initiator and MOx, according to [M]0/[I]0, were dissolved in dry 

acetonitrile (4 M). The solution was vigorously stirred at 80 °C for 

15 h. The product was quenched by addition of an adequate amount 

of methanolic potassium hydroxide (5 eq., 5 M). The flask was 

maintained at 30 °C for 4 h. After cooling, the polymer was isolated 

by slow precipitation from cold diethylether. 
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C12-POxn: 
1H NMR (300 MHz, CDCl3), δ = 3.7-3.2 (m, (4n+2)H, 

CH2 POx and CH2N alkyl chain), 2.4-2.1 (m, 3n, CH3 POx), 1.3 (m, 20H, 

CH2 aliphatic), 0.9 (t, 3H, CH3 aliphatic). 

Mn, yield: 1210 g mol-1, 51%; 2440 g mol-1, 57%; 2880 g mol-1, 

69%. 

 

C18-POxn: 
1H NMR (300 MHz, CDCl3), δ = 3.7-3.2 (m, (4n+2)H, 

CH2 POx and CH2N alkyl chain), 2.4-2.1 (m, 3n, CH3 POx), 1.3 (m, 32H, 

CH2 aliphatic), 0.9 (t, 3H, CH3 aliphatic). 

Mn, yield: 3330 g mol-1, 63%. 

CoumC11-POxn: 
1H NMR (300 MHz, CDCl3), δ = 7.4 (d, 1H, H2), 6.8 

(d, 1H, H7), 6.7 (s, 1H, H9), 6.1 (s, 1H, H6), 4.2 (m, 2H, H21), 3.9 (t, 

2H, H11), 3.7 (m, 2H, Hb'), 3.5-3.25 (m, (2n-2)H, Ha and Hb), 3.2 (m, 

2H, Ha'), 2.25 (s, 3H, H4), 2.2 (s, 3H, Hd'), 2.2-1.75 (m, (n-1)H, Hd), 

1.75 (m, 2H, H12), 1.5-1.2 (m, 16H, H13-H20). 

Mn, yield: 1050 g mol-1, 45%; 2140 g mol-1, 42%; 2900 g mol-1, 

62%. 

 

Conclusions 

An efficient synthetic route to photo-active amphiphilic 

polyoxazolines decorated by coumarin end group, CoumC11-POxn, 

was described. The hydrophobic block CoumC11 amounts to C16 

alkyl chain, intermediate between C12-POxn and C18-POxn. Similarly 

to Cm-POxn, CoumC11-POxn self-organized in water into spherical 

nanoparticles with DH-values around 10 nm. As observed with 

photo-crosslinkable copolymers, the UV-irradiation of photo-

dimerizable copolymers CoumC11-POxn preserved the size of the 

nanoparticles. This study demonstrated that the linear amphiphilic 

copolymers constitute a promising alternative route to the graft 

copolymers for photo-active polymeric systems and the advantages 

were discussed. The response of the inner compartment of the 

nanoparticles indiscriminately occurred by photo-crosslinking of 

graft copolymers bearing pendant coumarin units or by photo-

dimerization of linear polymers bearing terminal coumarin unit. 
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Photodimerization as Alternative to Photocrosslinking of 

Nanoparticles: Proof of concept with Amphiphilic Linear 

Polyoxazoline Bearing Coumarin Unit 
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a
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a
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Photosensitive amphiphilic linear polyoxazolines bearing a UV-active coumarin end group 

have been synthesized by cationic ring-opening polymerization (CROP). The illumination of 

the nanoparticles upon 300 nm inducing the photo-dimerization of the coumarin units 

contained in the inner compartment of the nanoparticles was highlighted.  
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