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Abstract 

A polybutadiene rubber was functionalized with UV-dimerizable cinnamic moieties using 

thiol-ene click chemistry and the resulting polymer was used to prepare millimeter-thick objects 

with photo-tunable modulus. The crosslink density was modulated by controlling the irradiation 

time t under UV. For this purpose, the kinetics of the photo-crosslinking reaction was first 

investigated via conventional photo-rheology and infrared spectroscopy analyses. In parallel, 

Raman spectroscopy was used to probe the evolution of the crosslink density as a function of 

depth from the irradiated surface. These measurements provide insights into the crosslink 

density's evolution, both over time and as a function of depth within the samples. They reveal 

gradient profiles with diminishing amplitude over longer irradiation times. After 4 hours of 

irradiation, the crosslink density becomes mostly homogeneous. The concurrent investigation 

of the mechanical properties indicates that the elastic modulus of the materials can be varied 

over almost three orders of magnitude (4 MPa ≤ E ≤ 2 GPa), by varying the exposure time 

within a relatively small window (5 min ≤ t ≤ 240 min). To challenge the data collected in 

Raman spectroscopy, Atomic Force Microscopy nanoindentation was used for the local 

investigation of the modulus, within the materials. The results confirmed the presence of 

modulus gradients consistent with those of the crosslink density. This unprecedented study of 

the spatio-temporal evolution of crosslink density in a UV-crosslinkable polymer offers 

valuable insights for applications requiring soft materials with photo-tunable mechanical 

properties. 
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I. Introduction 

Soft materials with an adjustable elastic modulus are crucial for various applications 

that demand precise control over viscoelastic properties, either over time or across different 

positions within an object.1 Soft-robotics,2 foldable electronics,3 tissue engineering,4 or 

metamaterials5 are just a few examples of application fields where objects with evolutive 

mechanical response, in time and/or space, are needed. Cross-linked polymers, and in particular 

elastomers, offer a unique opportunity to achieve these objectives via the control of their cross-

link density, or in other words the molecular weight, MX, of the polymeric chains in-between 

the cross-linking point of their 3D network structure.6 Strategies based on stimuli-responsive 

molecular systems to control MX have been widely employed.7-17 They include the use of 

polymers functionalized with light-responsive moieties.10-18 In particular, photo-dimerizable 

molecules have been extensively used for the design of photo-crosslinkable polymers.19-23 The 

most common systems are conjugated alkenes that can undergo a [2𝜋 + 2𝜋]-cycloaddition 

reaction to form a cyclobutane ring under a given wavelength, usually UV-light (Figure 1A).19, 

20 Interestingly, most of these dimerization reactions are reversible upon application of an 

appropriate, shorter wavelength of light. Polymers bearing these conjugated alkenes can be 

cross-linked (resp. decrosslinked) under light irradiation, via the formation (resp. cleavage) of 

the dimers. The latter serve as the actual cross-linking points in the resulting elastomer (Figure 

1B). Conveniently, the yield of the photo-dimerization reaction can be controlled via the light 

intensity and the irradiation time, in addition to all the conventional parameters that can affect 

their thermodynamic equilibrium and their kinetics (e.g. temperature, concentration, etc.).11, 15, 



16 Playing with these two parameters is a simple strategy to control the cross-link density, and 

in return the mechanical response of the elastomers. An increase of the light intensity, or the 

irradiation time, results in a larger photo-dimerization yield. This comes with a decrease of MX, 

i.e. an increase of the cross-link density and, consequently, of the Young modulus, E. Using 

directional beam of light, this strategy represents a simple, yet efficient, approach to control the 

mechanical performances of a soft material, both in time and space. 

 

Figure 1: (A) Schematical representation of the photo-dimerization reaction of two conjugated alkenes 
via [2π + 2π]-cycloaddition reaction. Yellow circles represent aromatic rings and/or carbonylated 
moieties. (B) Schematical representation of the photo-control of the molecular weight in between 
crosslinking point, MX, in a polymer network bearing photo-dimerizable moieties. 

 

Classical photo-dimerizable moieties include cinnamoyl,24, 25 coumarin26, 27 or thymin28 

derivatives. Among them, cinnamoyl (Figure 2A) have been extensively used to fabricate 

photo-crosslinked polymer materials11, 24, 25 and photo-crosslinked hydrogels.29, 30 

Advantageously, compounds containing cinnamoyl groups are often found in nature, especially 

in plants, and it has been proven that they are lowly toxic.31 They undergo dimerization for 

wavelengths close to 360 nm, and the reversed reaction is observed around 265 nm. In a recent 
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example of the literature, Ito et al. conceived a polyester bearing cinnamoyl moieties, and used 

UV exposure for the easy tuning of the modulus, E, of the materials.11 By controlling the 

exposure time in-between 0 and 30 min, they were able to tune the crosslink density of the 

material, and thus E over two orders of magnitude, 0.6 ≤ E ≤ 66 MPa. Moreover, using 

photomasks, they were able to induce modulus patterning in a single monolithic sample, and to 

study the mechanical response of the sample in different directions relatively to the orientation 

of the pattern. This example illustrates well the potential of polymers functionalized with photo-

dimerizable functions for the design of so-called smart materials. However, the use of light 

comes with some limitations related to the depth penetration of the radiation inside the 

materials. Indeed, the intensity of UV radiation, and thus the efficiency of the photo-

dimerization reaction, decrease sharply as a function of depth.14, 32-34 As a consequence, it is 

well accepted that it is difficult to achieve crosslinking in the bulk. For instance, in the above-

mentioned example of Ito et al., the authors used very thin samples (thickness = 0.1 mm) to 

ensure the homogeneous photo-crosslinking of the samples in the direction of the UV beam.11 

In a recent study, Averous et al. tried to estimate the maximum thickness of the film to guarantee 

a homogeneous photo-crosslinking.14 Using a polyurethane functionalized with photo-

dimerizable caffeic units, they irradiated samples of different thickness (0.2 mm to 1 mm) on 

one side, and compared the yield of the photo-dimerization reaction on both sides using FTIR 

spectroscopy in attenuated total reflection (ATR-FTIR). Interestingly, they showed that 

crosslinking takes place on the non-irradiated side, but only upon long exposure time. For 

instance, for a 0.2 mm thick film, they observed that, on the irradiated side, the photo-

dimerization yield is maximal after only 10 min of exposure, while 16 h are necessary to observe 

the same yield on the non-irradiated side. Despite these intriguing results of the literature, the 

depth gradient of the crosslink density in bulk polymers bearing photo-dimerizable units has 

been very poorly investigated in the literature so far.  



 

Figure 2: (A) Photo-dimerization reaction of two cinnamoyl groups at 365 nm and the reversed cleavage 
reaction at 270 nm, (B) Synthetic strategy used in this study: a thio-cinnamate ester (TC) is grafted onto 
a polybutadiene (PBut) via a thiol-ene reaction. 

 

Herein, we functionalized a polybutadiene (PBut) backbone with pendent cinnamate 

ester groups, using thiol-ene click chemistry (Figure 2B). Other rubbers have been 

functionalized with cinnamate moieties in the past, essentially polyisoprene.35-40 The grafting 

protocols developed so far were mostly based on the prior maleinisation of the rubber followed 

by ring-opening esterification of the maleic anhydride residue with oxyalkylcinnamate esters.36-

39 Other authors proposed to epoxidize the rubber, before ring opening the epoxy to provide 

hydroxyl groups that were further reacted with cinnamoyl chloride.35 In all these works, the 

photo-polymerization was only investigated for the fabrication of thin films (< 0.2 mm), notably 

for biomedical applications.35 In our study, the photo-crosslinking reaction of the functional 

PBut was investigated as a function of the exposure time, for millimeter thick samples (up to 2 

mm). Remarkably, we demonstrated the possibility to vary the elastic modulus of the materials 

over almost three orders of magnitude (4 MPa ≤ E ≤ 2 GPa), with relatively short exposure 

times (5 min ≤ t ≤ 240 min). The photo-crosslinking kinetics were fully characterized, and 

more importantly, protocols were devised to probe the gradient of the yield of the photo-

dimerization reaction, as well as the gradient of the elastic modulus, as a function of depth 

inside the millimeter-thick samples. After irradiation, the samples were sectioned and Raman 

spectroscopy was used to measure the photo-dimerization yield across the cross-section, for 

discrete points located at different distances of the irradiated surface. Similarly, Atomic Force 

Microscopy (AFM) nanoindentation was used to probe the local elastic modulus along the same 



cross-sectional profile. The results indicate the existence of depth gradients, with moderated 

amplitudes. They suggest that the photo-dimerization reaction proceeds relatively well up to 

1.5 mm beneath the irradiated surface, when the exposure times are comprised between 120 

min and 240 min. In the end, they validate the possibility to use these photo-responsive rubbers 

as structural materials, with millimetric dimensions. 

 

2. Experimental section 

2.1. Materials and methods 

Chemicals – Cinnamoyl chloride (98%, predominantly trans) was bought from Acros Organics. 

2,2’-Azobis(4-methoxy-2,4-dimethylvaleronitrile) initiator (V70) was provided by Wako 

Chemicals. Polybutadiene (PB) (Mn = 3000 g/mol, 90% 1,2 vinyl) and 2-mercaptoethanol 

(98%) were provided by Sigma-Aldrich. Chloroform (HPLC grade), dichloromethane (0.2% of 

ethanol) and methanol technical were provided by VWR Chemicals and tetrahydrofurane 

(THF) was obtained from Scharlau. All chemicals were used as received. 

FTIR – Fourier Transform InfraRed (FTIR) spectra were recorded on a Bruker-VERTEX 70 

instrument (400 to 4000 cm-1, 4 cm-1 resolution, 32 scans, DLaTGS MIR) equipped with a Pike 

GladiATR optical design diamond crystal) for attenuated total reflectance (ATR). 

1H NMR – NMR measurements (Bruker Advance) were carried out at 400 MHz, in CDCl3 at 

room temperature from a 16 scans experiment, with a relaxation time of 1 sec. 

Size exclusion Chromatography – Ultimate 3000 system (Thermoscientific) equipped with a 

diode array detector, a 3 multi-angles light scattering detector and differential refractive index 

detector (Wyatt Technology). Polymers were separated on three G2000, G3000 and G4000 

TOSOH HXL gel columns (300 × 7.8 mm) (exclusion limits from 200 Da to 400,000 Da) with 

a flowrate of 1 mL/min at 40 °C and trichlorobenzene (TCB) used as a marker. The elution 

times were converted to molar mass using a conventional calibration curve based on PS 

standards (Agilent Kit - EasyVial PS-M 2mL). 

Raman Spectroscopy – Raman measurements were performed with a XploRA spectrometer 

from Horiba using a laser source operating at 30 mW output power with a 785 nm excitation 

wavelength. The spectral resolution was about 3 cm-1 over a spectrum range from 900 to 1900 

cm-1 using the grating 1200 lines/mm. In order to obtain a good signal to noise ratio, each 

spectrum results from the average of 3 accumulated scans with an integration time for each scan 



of about 40 seconds. The laser beam was focused at the surface of the sample with the confocal 

microscope using a X10 objective. 

Photo-Rheology – Photo-rheology was performed on a MCR rheometer from Anto Paar. The 

rheo-UV system consists of a temperature-controlled quartz plate and a UV light source with 

an attached light guide. UV-light is provided by a high-pressure 200 W mercury vapor short 

arc equipped with a filter for the emission of a discrete wavelength at 365 nm (7.28 W cm-2). 

The temperature is controlled by a Peltier system. 

Swelling test – Pieces of photo-crosslinked samples (thickness = 1 mm) were immersed for 48 

h in THF at 50 °C. The variation of the sample mass was measured accurately by using a 

precision weighting scale. The gel content (GC) was measured as follow: 

𝐺𝐶 =
𝑚!

𝑚"
× 100 

where 𝑚! is the mass of the sample collected after 48 h of swelling in THF and dried for 48 h 

at 50 °C under vacuum. 

The Swelling Ratio (SR) was obtained thanks to the following formula: 

𝑆𝑅 =
𝑚# −𝑚!

𝑚!
× 100 

in which 𝑚# is the mass of the swollen sample after 48 h in THF. 

Thermogravimetric Analysis – TGA analyses were performed on a Discovery TGA 550 from 

TA instrument. Samples (~ 10-15 mg) are placed in a platinum pan. Analyses are performed at 

a heating rate of 10 °C min−1 under a nitrogen (N2) atmosphere from room temperature to 950 

°C.   

Differential Scanning Calorimetry – DSC analyses were performed on TA Instruments Q100 

and Discovery 250. 5 to 15 mg of samples were sealed in an aluminum pan and analyzed under 

nitrogen flow. They were first cooled down to -80 °C then 3 cycles were performed between -

80 °C and 150 °C at 10 °C min-1. The glass transition temperatures reported in the study are 

extracted from the third cycle, i.e. the second heating cycle. 

Dynamic mechanical analysis – The mechanical characterizations were conducted with a 

Discovery DMA850 apparatus from TA Instruments. The storage and loss moduli, E’ and E’’ 

respectively, were measured at a frequency f = 1Hz and a strain ε = 0.1 % for T = 20 °C. Master 



curves were constructed using the Time Temperature Super-position (TTS) principle, by 

measuring E’ and E’’ for frequencies varying between 1 and 100 Hz (frequency sweeps), and 

with a strain ε = 0.005%. The shifting factors, aT, were predetermined by shifting the different 

modulus-frequency curves as compared to a reference temperature, Tref. Then the plot of the 

temperature dependance of the shifting factors, aT, was fitted by using the WLF (Williams-

Landel-Ferry) equation:  

ln(𝑎$) =
−𝐶!(𝑇 − 𝑇%&')
𝐶( + (𝑇 − 𝑇%&')

 

Where C1 and C2 are the shift factor parameters, T is the temperature and Tref is the reference 

temperature as defined above. The shift factor parameters can then be used to calculate an 

adjusted value of the shifting factors, aT, and the master curve is obtained by plotting E’ against 

the reduced frequency as defined by fref = f / aT. All data manipulations and calculations were 

performed with the software TRIOS from TA instrument. For all the samples the values of aT 

(before and after adjustment), as well as the values of C1 and C2, are provided in the ESI. 

Atomic Force Microscopy Nanoindentation – The samples are analyzed on a Bruker 

Dimension Icon device, operating in PeakForce Quantitative Nanomechanics (QNM) mode at 

room temperature. A calibration was performed using reference samples SAPPHIRE-12M (to 

calibrate the deflection sensitivity on a very hard surface) and PSFILM-12M (adjusting the tip 

radius to get a Young’s modulus around 2.8 GPa at a given indentation depth) from Bruker. 

The force setpoint is then adjusted to obtain the modulus of the sample until the indentation 

depth is close to that obtained on PSFILM-12M (around 2 nm). The same indentation depth 

was used for all samples by adjusting the applied force based on the samples. PeakForce QNM 

produces force curves at 2 kHz from which mechanical data are extracted, i.e. the reduced 

Young’s modulus by fitting the retract curve using the DMT model.41 Each scanned image 

consists of 512 lines. Silicon tips (RTESPA-525-30) with a typical radius of 30 nm and a 

stiffness of 200 N m-1 are used. Images (i.e. Reduced Young’s modulus maps) are obtained at 

a scan rate of 1 Hz. 

2.2. Synthesis and preparation of the UV-crosslinked samples  

Synthesis of the thio-cinnamate ester, TC – TC was prepared according to a procedure 

reported in the literature (ESI, Scheme S1).25 In a round-bottom flask equipped with magnetic 

stirrer, cinnamoyl chloride (20 g, 120 mmol) was dissolved in toluene (300 mL). 2-

mercaptoethanol (9.3 g, 120 mmol, 1 equiv.) was added dropwise and the mixture was stirred 



under reflux for 2 hours. The solvent was removed on rotary evaporator to yield TC as a viscous 

liquid without any further purification. Yield= 90%. The structure and the purity of TC was 

confirmed by 1H NMR spectroscopy (Figure S1). 

Synthesis of the PBut functionalized with TC moieties, TC-PBut – TC was grafted on PBut 

via thiol-ene click chemistry (Figure 2B), using a protocol adapted from the literature.25, 42, 43 A 

typical synthesis proceeds as follow: in a round-bottom flask equipped with magnetic stirrer, 

PBut was dissolved in chloroform (100 g L-1), and TC was added (X equivalent compared to 

the C=C unsaturations). Then V70 was added (1 mol% compared to TC) and the reaction was 

allowed to proceed at 40 °C for 1 h. The polymer was then purified by precipitation in room 

temperature methanol and dried under vacuum. It was characterized by SEC and 1H NMR. The 

number-averaged molecular weight (Mn), the weight-averaged molecular weight (Mw), and the 

dispersity (Ð = Mw/Mn) were measured by SEC. The structure of the resulting polymer as well 

as the grafting density, were investigated by 1H NMR and FTIR spectroscopies, as well as by 

SEC chromatography. 

UV-crosslinking of TC-PBut – The photo-crosslinked samples were obtained by pouring TC-

PBut (X = 0.5) in a circular Teflon mold (Ø =30 mm, thickness 1 mm). This mold was enclosed 

in between two plates of quartz before exposure to UV light in a chamber equipped with UV 

LED System (KX-314-01, Novachem®, 𝜆 = 365 nm, 1000 mW cm-2). Each side of the sample 

were exposed for the same amount of time, t, at 14 cm from the LEDs. The resulting samples 

are noted TC-PBut-t. t was varied in-between 10 and 240 min. The resulting samples were 

investigated in FTIR spectroscopy, swelling tests, DSC and DMA. Forn the cross-sectional 

investigations, samples were photo-crosslinked in square molds (1 cm x 1 cm, depth = 2 mm) 

and only one side of the sample was irradiated as previously described. The resulting samples 

were sectioned, and their cross-section was surfaced by ultramicrotomy for Raman and AFM 

nanoindentation measurements. 

Cross-sectioned samples preparation – Photo-crosslinked samples are cut with a razor blade. 

Then, they are placed on an aluminum vise and the fresh cross-section is surfaced using a Leica 

UC7 ultramicrotome equipped with a DIATOME TRIM, at a speed of 100 mm s-1 and a cutting 

thickness of 500 nm until the desired thickness is reached. To achieve the cleanest possible 

surface, the final surfacing is done with a DIATOME diamond knife at a speed of 1 mm s-1 and 

a cutting thickness of 50 nm. For the softer samples (UV exposure time of 10 min and 20 min), 

they were surfaced in a Leica UC7 cryo-ultramicrotome with a DIATOME TRIM and a 



DIATOME diamond cryo-knife at -150 °C, with a speed of 1 mm s-1 and a cutting thickness of 

70 nm. 

 

3. Results and Discussion 

Synthesis and characterization of TC-PBut 

 

Figure 3: 1H NMR spectra of (A) PBut and (B) TC-PBut for X = 0.5, showing the successful grafting 
of cinnamate functions and the concomitant cyclization reactions as attested by CH3 signals in the 
downfield region (400 MHz, CDCl3). 

 

The PBut used in this study is a low molecular weight oligomer (Mn = 3600 g mol-1) 

that is free of entanglement crosslinking (The critical entanglement spacing molecular weight 

of polybutadiene is closed to Me ~ 6000 g mol-1).44 TC-PBut was synthesized according to a 

protocol adapted from the literature.42, 43 In short, a thio-cinnamate ester, TC, was grafted on 

PBut via a thiol-ene click reaction, in the presence of a radical initiator (Figure 2B). Although 

this reaction was extensively used to functionalize PBut with a large variety of pendent groups, 

to our knowledge, it is the first time it is used to introduce cinnamate moieties. The grafting 

density can be controlled by varying X the number of equivalents of TC as compared to the 

number of C=C unsaturations, X = [TC]0/[C=C]0. In our experiments, we used X = 0.25 and 

0.5. Figure 3B represents the 1H NMR spectrum of TC-PBut for X = 0.5 (NMR spectrum of 

TC-PBut for X = 0.25 is reported in the ESI, Figure S2). It is compared to the NMR spectrum 



of PBut prior grafting (Figure 3A). Clearly, the spectrum of TC-PBut is consistent with the 

efficient grafting of TC with the characteristic aromatic signals of the TC moieties. Moreover, 

in the low chemical shift region corresponding to the aliphatic protons, one can see signals 

below 1 ppm that can be attributed to methyl groups, CH3. Their presence is well explained by 

the formation of ring structures via random cyclization of adjacent repeat units during the thiol-

ene addition reaction as represented in Scheme 1. It is worth mentioning that two peaks can be 

distinguished. This multiplicity can be attributed to the coupling of the CH3 protons with their 

CH neighbor. The unsymmetrical shape of the doublet might be attributed to the existence of 

different populations of CH3 groups. Indeed, David et al. observed that the intramolecular 

cyclization reaction can propagate to form different polycyclic structures.42 However, they 

demonstrated that the predominant one is the structure III, as represented in Scheme 1. 

 

Scheme 1: Possible reaction pathways for radical thiol addition to 1,2-polybutadiene and competing 
cyclization reactions (RSH = TC) 

 

The 1,4-C=C units being much less reactive than the 1,2 units, it can be approximated 

that they are not involved in the reaction. Let xfunct be the fraction of reacted PBut repeat units 

functionalized with a TC group (i.e. the grafting density), xunreact the fraction of unreacted repeat 

units, and xcycle the fraction of reacted repeat units that are involved in a cyclization reaction. 

Then, by adapting a formalism that was first introduced by David et al.,42 it is possible to 

calculate xfunct, xunreact, and xcycle from the integrals, A1, A2, A2’, and A3 from the RCH2S- 

methylene protons (2), the H2C=CH- alkenic protons (f), the -HC=CH- and H2C=CH- alkenic 

protons (b, e), and the aliphatic protons (< 2.2 ppm), respectively (detailed calculation in the 

ESI, Figure S3). The calculated values are reported in Table 1. As expected, xfunct is an 

increasing function of X. Moreover, the results suggest that the number of 1,2-unsaturations 

functionalized with a TC moiety vs the number 1,2-unsaturations consumed by intramolecular 
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cyclization – without functionalization – are approximately the same. This is consistent with 

previous reports of the literature, where the cyclization to functionalization ratios xcycle/xfunct are 

generally comprised between 1 and 1.5.42  

 

Table 1: Molecular and thermal characteristics of PBut and TC-PBut’s 

Entry X a xfunct 
b (mol%) xcycle 

b (mol%) xunreacted 
b

 (mol%) 
Mn 

c
 

(g mol-1) 

Ð c 
Tg d  

(°C) 

1 0 - - - 3600 1.3 -27 

2 0.25 17.1 23.3 59.5 4840 1.4 -18 

3 0.50 33.0 33.5 33.5 5480 1.4 -11 

a X is the number of equivalents of TC as compared to the number of C=C unsaturations of PBut, X = 
[TC]0/[C=C]0 used during the synthesis of TC-PBut. b xfunct is the fraction of reacted PBut repeat units 
functionalized with a TC group, xunreact the fraction of unreacted repeat units, and xcycle the fraction of reacted 
repeat units that are involved in a cyclization reaction. They are calculated from the 1H NMR spectrum of 
TC-PBut according to the methodology reported in the ESI. c The number average molar mass and dispersity 
as measured in SEC in THF. d Glass transition temperature as measured in DSC, 10 °C min-1.  

 

 

Figure 4: Infrared spectra of (A) PBut and (B) TC-PBut for X = 0.5, showing the successful grafting 
of cinnamate functions. 

 



 The good insertion of the cinnamic moieties onto the polymer backbone is also well 

confirmed by FTIR analysis. Figure 4 represents the FTIR spectrum of TC-PBut for X = 0.5, 

and it is compared to the FTIR spectrum of PBut prior grafting (FTIR spectrum of TC-PBut 

for X = 0.25 is reported in the ESI, Figure S4). Clearly, the presence of the cinnamate moieties 

in TC-PBut is attested by the distinctive stretching vibrations of the conjugated -C=O and -

C=C- double bonds at 𝜈)*+ = 1710 cm-1 and 𝜈)*)  = 1630 cm-1, respectively. The polymers 

were also characterized by size exclusion chromatography (SEC). The elugrams are presented 

in the ESI (Figures S5 to S7) and the corresponding values of the molar mass, Mn, and the 

dispersity, Ð, are reported in Table 1. This analysis further confirms the efficiency of the thiol-

ene grafting reaction. Indeed, while PBut is not detected by the UV detector of the apparatus 

(Figure S5), PBut-TC’s display a saturated UV signal, consistent with their functionalization 

with the highly UV-responsive cinnamate moieties (Figures S6 and S7). As expected, Mn is an 

increasing function of X, which is consistent with the introduction of the cinnamate functions 

on the polymer backbone. It must be stressed out that Mn is calculated with respect to a 

polystyrene calibration and the values reported here are not absolute molar masses. Thus, 

cyclization also induces a modification of the hydrodynamic radius which may contribute, to 

some extent, to the apparent variations of Mn. Finally, the polymers were characterized by 

thermogravimetric analysis (TGA) and differential scanning calorimetry (DSC). TGA analysis 

indicates that the functionalization of PBut results in a reduction of the thermal stability of the 

polymer (Figure S8). Indeed, the temperature resulting in 5% of weight loss decreases from 392 

°C for the pristine PBut to 299 °C for TC-PBut. This was expected because the thioether bonds 

introduced by thiol-ene chemistry are less stable than the hydrocarbon skeleton of the native 

polymer. The DSC thermograms are available in the ESI (Figure S9) and the corresponding 

values of the glass transition temperatures (Tg) are reported in Table 1. Again, Tg increases with 

X due to an increase of inter-chain interactions brought by the pendent cinnamic moieties, in 

particular through 𝜋-𝜋 interactions. Moreover, the intra-chain cyclizations are expected to 

increase the stiffness of the polymer chains by hampering the segmental motions and the 

molecular rotations. 

In the end, despite the well-known drawbacks of the thiol-ene chemistry for the post-

functionalization of polymers,45 such as unintended non-specific radical reactions (as illustrated 

in this work) or the limitation of the long-term durability of the functionalized polymers (due 

to the limited stability of the thioether bonds), this methodology is an efficient approach to 

synthesize PBut functionalized with high grafting densities of photo-dimerizable moieties. For 



comparison, in the literature, rubbers functionalized with cinnamic moieties, either through 

maleinisation39 or epoxidation,35 were usually reported with grafting densities varying from 2% 

to 15%. In the next parts of this study, the photo-crosslinking reactions were performed with 

the TC-PBut exhibiting the highest grafting density, i.e. 𝑥',-./ = 33% (X = 0.5). 

 

Rheometric monitoring of the photo-crosslinking reaction of TC-PBut 

 

Figure 5: Schematical representation of the set-up used for the photo-rheological investigation of the 
UV-induced crosslinking reaction of TC-PBut and scheme of the photo-crosslinking reaction via the 
[2𝜋 + 2𝜋] photo-cycloaddition of the cinnamic moieties, resulting in the transition from a “liquid like” 
polymer to a crosslinked gel (the sol-gel transition). 

 

The photo-crosslinking reaction of TC-PBut was first investigated by photo-rheology 

to determine the best reaction conditions (Figure 5).46 In this set-up, TC-PBut was charged in 

a rheometer equipped with a parallel plate geometry (diamater, Ø = 8 mm). The bottom part of 

the geometry is a quartz window allowing the exposition of the samples to UV light in the 

course of the measurements. Thus, the photo-crosslinking reaction can proceed while the 

samples is subjected to dynamic mechanical solicitations (oscillatory strain of amplitude 𝜀 = 

0.2 % and frequency f = 1 Hz). Moreover, the temperature T of the system is regulated with a 

Peltier controller. In our experiment, the gap of the geometry is set to 0.5 mm to simulate the 

photo-crosslinking reaction of a millimeter-thick sample. UV light is delivered by a mercury 

vapor lamp equipped with a filter at 𝜆 = 365 nm. This experiment allows to measure the storage 

and the loss moduli, G’ and G’’ respectively, in the course of the photo-crosslinking reaction.  



 

Figure 6: Evolution of the storage modulus (G’, plain square) and the loss modulus (G’’, open square) 
during the photo-crosslinking reaction of TC-PBut (X = 0.5) as investigated by photo-rheology (f = 1 
Hz, 𝜀 = 0.2%) under UV irradiation at 365 nm and for different temperatures: (A) T = 20 °C, (B) T = 60 
°C, (C) T = 100 °C, (D) T = 100 °C, comparison of conditions with and without UV irradiation. 

 

Figure 6A represents the monitoring of the photo-crosslinking reaction at T = 20 °C. Clearly, 

G’ < G’’ during the whole duration of the experiment (120 min), meaning that the exposure to 

UV light is not sufficient to observe the formation of a well crosslinked polymer network. The 

temperature was then increased to T = 60 °C (Figure 6B). In this case, the onset of a sol-gel 

transition (G’ = G’’) is observed for tgel ~ 120 min, where tgel is the gel time. Further increase 

of the temperature to T = 100 °C results in a substantial decrease of tgel to 23 min (Figure 6C). 

These first experiments demonstrate that it is possible to photo-crosslink a 0.5 mm-thick sample 

and that temperature is fostering the process. It is worth mentioning that the reference 

experiment performed at 100 °C without UV exposure (Figure 6D), indicates that TC-PBut is 

not crosslinked in these conditions, thus confirming that the sol-gel transition requires the 

simultaneous action of temperature and UV illumination. Temperature is expected to help in 

increasing molecular motion and thus, in enhancing the encountering and the alignment of two 



neighboring cinnamate functions, that is required to observe the cycloaddition reaction.47 In the 

end, this initial series of experiments successfully demonstrates the potential to crosslink 

millimeters-thick samples. However, they do not provide any insight into the depth gradient of 

crosslink density within the samples. A comprehensive spectroscopic analysis was conducted 

to investigate this aspect.  

Spectroscopic monitoring of the photo-crosslinking reaction of TC-PBut 

 

Figure 7: (A) Schematical representation of the design of the sandwiched mold used for the fabrication 
of the photo-crosslinked samples investigated in ATR-FTIR analysis, in swelling tests and in dynamic 
mechanical analysis. (B) Evolution of the FTIR spectra as a function of UV irradiation time (365 nm), 
for the photo-crosslinking reaction of TC-PBut (X = 0.5). Spectra were magnified in the region 
corresponding to the bands of the C=O elongation, 𝜈!"#, at 1710 cm-1 and the C=C elongation, 𝜈!"! , 
at 1635 cm-1. (C) and (D) Evolution of the conversion of cinnamic moieties into dimers as a function of 
the UV irradiation time, as calculated from the intensity of the C=O elongation band and the C=C 
elongation band, respectively. 

  

We first investigated the kinetics of the photo-crosslinking reaction using FTIR in 

Attenuated Total Reflectance mode (ATR), meaning that only the surface of the sample was 

probed. The samples prepared for analysis were obtained by pouring the polymer in a circular 

cell made of a Teflon mould (1 mm thick) maintained in-between two quartz windows (Figure 



7A). They were exposed to UV for a total duration of t min, both side of the cell being irradiated 

for the same amount of time, i.e. t/2 min. t was varied in between 5 and 240 min, and the 

resulting samples are noted TC-PBut-t. The UV system is a chamber in which only the power 

of the LED array can be controlled. The temperature is not regulated. However, due to the 

strong power of the LED (1000 mW cm-2), it is observed that the samples are heated up by UV 

radiation. In the present study, a thermocouple was used to measure the temperature of the 

sample during exposure. A plateau is quickly reached around 120 °C in ~ 5 min (Figure S10). 

Conveniently, based on the results obtained in photo-rheology, this temperature increase is 

sufficient to observe an efficient photo-crosslinking reaction. It is worth noting that, the impact 

of temperature on the photo-crosslinking rate of polymers bearing photo-dimerizable moieties 

is poorly addressed in the literature and the temperature increase induced by the irradiation is 

usually not reported. 

Figure 7B represents the evolution of the FTIR spectra of the samples as a function of 

t. In accordance with previous reports of the literature,35, 48 the bands corresponding to the C=O 

elongation, 𝜈)*+, at 1710 cm-1 and the C=C elongation, 𝜈)*) , at 1635 cm-1 are clearly impacted 

by UV irradiation. 𝜈)*)  progressively decreases while 𝜈)*+ is shifted to longer wavelength, 

which is consistent with the photo-induced dimerization of the C=C double bonds, and the 

resulting new chemical environment for the C=O carbonyl bonds. (𝐼0)0, the initial intensity of 

the 𝜈 band and (𝐼0)t, the intensity after UV exposure during t min, can be used to measure the 

conversion of cinnamate moieties into the corresponding dimer. Both values were normalized 

by the intensity of the band attributed to the vibration of the C-H bonds of the carbon of the 

main chain, at 2915 cm-1 (cf. the full-scale spectrum, Figure 4). Then, the conversion can be 

calculated via the following equation: [((𝐼0)0 – (𝐼0)t)/	(𝐼0)0] × 100.  

Figures 7C and 7D represent the evolution of the conversion using the 𝜈)*+ and the 

𝜈)*)  vibrations, respectively. Both graphs exhibit the same trend with first a steep increase 

between 0 and 30 minutes, followed by a relatively slower evolution of the conversion at larger 

time. The conversion rate seems to reach a plateau around 60% in both cases. Interestingly, in 

their study of photo-crosslinkable polyisoprene functionalized with cinnamate moieties, 

Derouet et al. observed a very similar behavior, with a conversion plateau around 60 %. This 

was explained by the decrease of chains mobility, due to the three-dimensional network 

formation which reduces the probability of cinnamate groups encountering. As expected, 

varying the irradiation time in-between 10 and 240 min is a simple approach to control the 

conversion of the dimerization reaction and thus, the crosslinking degree of the material. 



 

 

Figure 8: (A) Schematical representation of the preparation of the photo-crosslinked samples for their 
cross-sectional investigation by Raman spectroscopy and AFM measurements. (B) Picture of a typical 
cross-section investigated by Raman spectroscopy in different points located along the z-axis (TC-PBut, 
X = 0.5). (C) Full Raman spectrum of TC-PBut (X = 0.5) with band attribution. (D) Raman spectra 
collected at various depth, on sample exposed for different duration, t’. Black spectrum: (z, t’) = (0 𝜇m, 
0 min), blue spectrum: (z, t’) = (1000 𝜇m, 240 min), pink spectrum (z, t’) = (100 𝜇m, 240 min). Spectra 
are magnified in the region corresponding to the bands of the C=C elongation, 𝜈!"! , at 1630 cm-1. They 
are all normalized by the intensity of the band corresponding to the “ring breathing” of the phenyl groups 
at 1000 cm-1. 

 

In order to go deeper in the understanding of the system, the evolution of the gradient 

of the conversion as a function of depth, inside the bulk of the sample, was investigated through 

Raman spectroscopy. To our knowledge, this was never considered for the photo-crosslinking 

reaction of polymers bearing photo-dimerizable moieties. The objective is two-fold: (i) quantify 

the efficiency of the photo-crosslinking reaction inside the material, and (ii) evaluate its impact 

on the thermo-mechanical properties. To do so, samples were crosslinked using the 

methodology reported earlier (1000 mW cm-2, 14 cm from the LED source). Only one face of 

the sample was exposed to simplify the interpretations of the results. The photo-crosslinked 

polymers were then sectioned, and the conversion was investigated locally, along the cross-

section, using Raman microscopy (Figure 8A). Spectra were collected along the z axis, at 

various depth, on sample exposed for different durations, t’, with t’ = 10, 20, 120 and 240 min. 

The picture of a typical cross-section, acquired by optical microscopy, is displayed in Figure 
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8B. The very smooth surface was guaranteed by surfacing the cross-section via ultramicrotomy 

(cf. Materials and Methods section). Figure 8C represents the Raman spectrum of TC-PBut (X 

= 0.5), prior UV irradiation (t’ = 0). From the literature, it is known that the strong band at 1630 

cm-1 is associated to the stretching mode of the C=C double bond of the cinnamate group, while 

the strong band at 1000 cm-1 is associated to a vibration mode of the phenyl rings (“ring 

breathing”).49 The latter was used for the normalization of the spectra collected at various depth, 

z, and time, t’. Figure 8D displays the spectra for (z, t’) = (0 𝜇m, 0 min), (z, t’) = (100 𝜇m, 240 

min), and (z, t’) = (1000 𝜇m, 240 min), with a magnification in the region corresponding to the 

bands of the C=C elongation, 𝜈)*) , at 1630 cm-1. Clearly, for t’ = 240 min, the intensity of the 

𝜈)*)  band decreases for both depth, z = 100 𝜇m and 1000 𝜇m, which is consistent with the 

progress of the photo-crosslinking reaction. Moreover, the intensity of the same band increases 

from z = 100 𝜇m to z = 1000 𝜇m, thus suggesting a decreasing extent of the reaction as the 

distance from the surface increases. This is in accordance with a reduction of the UV penetration 

as a function of z. The conversion of the cinnamate groups into dimers was calculated using the 

equation: [((𝐼)*))0 – (𝐼)*))t’)/	(𝐼)*))0] × 100%, where	(𝐼)*))0 is the initial intensity of the 

band at 1630 cm-1, and (𝐼)*))t’, the intensity after UV irradiation during t min, both being 

normalized by the intensity of the band at 1000 cm-1.  

 

Figure 9: (A) Evolution of the conversion of cinnamate moieties into dimers as a function of the distance 
z (depth) beneath the surface of the sample exposed to UV for different irradiation time, t’. (B) Evolution 
of the conversion of cinnamate moieties into dimers as a function of the UV irradiation time for different 
distances z (depth) beneath the surface of the sample exposed to UV. In both cases, the data are extracted 
from the Raman measurements using the intensity of the C=C elongation band for TC-PBut, X = 0.5. 
In panel (B) the red curve (squares) represents the conversion as measured in FTIR, for comparison with 
the results of Raman spectroscopy. The lines are guides for the eye. 
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Figure 9A represents the evolution of the conversion as a function of z for the different 

exposure times. As expected, the conversion is a decreasing function of z and an increasing 

function of t’. For all the irradiation times, one can note that the conversion decreases 

significantly in the first 0.25 mm, before a regime with a much slower decline. For t’ = 10 min 

and 20 min, the conversion decreases down to ~ 0% for z ~ 1 mm. This is in accordance with 

the experimental observations. Indeed, in both cases, a significant amount of the sample 

remained in the 2 mm-thick mold after unmolding. The actual thickness of the photo-

crosslinked samples was ~ 1 mm, and the non-irradiated side was very sticky, thus confirming 

that the sample was not photo-crosslinked for z larger than 1 mm. For longer irradiation times 

of 120 and 240 min, samples with a thickness of approximately 1.5 mm were successfully 

unmolded. Some of the polymer remained adhered to the mold, although it appeared crosslinked 

(non-tacky). This suggests that the loss of material was likely due to difficulties in removing 

the polymer from the mold rather than an incomplete photo-crosslinking reaction at these 

depths. Accordingly, it was possible to measure the conversion down to z ~ 1.5 mm, with 

substantial values of ~16% and ~24%, for t’ = 120 min and 240 min, respectively. These results 

indicate that the photo-crosslinking reaction still proceeds relatively well 1 mm beneath the 

surface for exposure times > 2h. Moreover, although these profiles confirm a heterogeneously 

crosslinked material in thickness, the depth gradients are of moderated amplitudes. Indeed, the 

difference between the conversion at z = 0 and z = 1 mm is of ~ 14 % for t’ = 120 min, and ~ 9 

% for t’ = 240 min. Similarly, Figure 9B represents the time dependence of the conversion for 

discrete values of z, z = 0, 0.25 and 1 mm. It confirms that the larger differences of conversion 

are observed within a 0.25 mm deep region from the irradiated surface. For comparison 

purposes, the surfaces of these samples were also analyzed by ATR FTIR. The evolution of the 

conversion as a function of time is reported in Figure 9B, along the results obtained by Raman 

spectroscopy. It looks like the values obtained by FTIR analysis are slightly higher than those 

measured by Raman spectroscopy for z = 0. However, given that the two methodologies are 

probing the surface of the sample in very different manners (scattering for Raman vs evanescent 

wave for FTIR), this difference is not surprising. Overall, the results suggest a good consistency 

between the two experimental approaches. Before going any further in the comparison of the 

thermomechanical properties of the samples, they were first engaged in swelling tests to 

evaluate the efficiency of the photo-crosslinking reaction in terms of gel fraction. 

 



Swelling tests 

With the appreciation of the existing heterogeneities inside the photo-crosslinked 

polymers, it was of interest to investigate their swelling behavior in a good solvent. Indeed, 

swelling tests are commonly performed to assess the efficiency of crosslinking reactions (both 

thermo- and photo-induced). In particular, the measurement of the gel content (GC) was used 

by several authors to evaluate whether 0.1 to 0.5 mm thick samples were photo-crosslinked 

across the entire thickness.15, 35 Here, we used the 1 mm thick samples obtained by exposing 

the two sides of the samples to UV irradiations (Figure 7A), a portion of which was extracted 

by THF for 2 days at 50 °C. The weight of material was measured before extraction and after 

extraction both in the wet and dry state. The gel content was calculated as the weight percentage 

of insoluble polymer relative to the initial mass of polymer.  

 

Figure 10: (A) Evolution of the Gel Content (GC) and the Swelling Ratio (SR), and (B) evolution of 
the glass transition temperature (Tg), as a function of the UV irradiation time, t, for TC-PBut-t samples 
(X = 0.5, thickness = 1 mm). The lines are guides for the eye. The insert of panel (B) represents the 
evolution of Tg versus the inverse of SR, 1/SR. 

 

GC values are reported in Table 2 and Figure 10A represents the evolution of GC versus 

the irradiation time t. The gel content rapidly increases with t and plateaus around 80-90%. 

Similar values were reported for 0.5 mm samples of polyisoprene bearing cinnamate moieties.35 

They indicate that the networks are very well crosslinked. It is only for the shortest exposure 

time, t = 10 min, that the value of GC is relatively small, ~ 50%. By comparing this result with 

the conversion degree measured in Raman spectroscopy, it can be approximated that a threshold 

value of ~10% conversion, across the whole sample, is a good guarantee for an efficient photo-

A B



crosslinking reaction. Indeed, based on the depth profiles of the conversion (Figure 9A), for a 

1 mm thick sample exposed on both sides for 10 min, the conversion at the core of the material, 

i.e. for z = 0.5 mm, should be ≳ 10%. In the end, the gradient of conversion observed in Raman 

spectroscopy are not an obstacle to the efficient photo-curing of the 1 mm thick samples for 

exposure times ≥ 20 min. The evolution of the swelling ratio, SR, as a function of t is plotted 

in Figure 10B. SR is large (> 100%) for t comprised between 10 and 30 min, which is in 

accordance with the low crosslink density of these loose networks, and it reaches a plateau 

around 30% for longer irradiation time. Thus, the evolution of SR validates the possibility to 

change the crosslink density by varying t. 

Table 2: Data related to the swelling investigations and the thermomechanical properties of the TC-
PBut-t (X = 0.5, thickness = 1 mm) samples photo-crosslinked for t min under UV irradiation (365 nm). 

Sample t/2 a (min) GC b (%) SR b (%) Tg c (°C) E’ 
d

 (MPa) 

TC-PBut-0 0 - - -11 - 

TC-PBut-10 5 51 356 7 3.8 

TC-PBut-15 7.5 74 166 12 56 

TC-PBut-20 10 81 106 12 51 

TC-PBut-30 15 77 24 14 145 

TC-PBut-120 60 82 13 28 1050 

TC-PBut-240 120 92 34 32 2070 

a Exposure time to UV irradiation (365 nm), each side of the sample are exposed to t/2 min. b Gel Content 
and Swelling Ratio as measured from swelling tests in THF (50 °C, 2 days). c Glass transition temperature 
as measured in DSC, 10 °C min-1. d Dynamic storage modulus as measured in DMA (T = 20 °C, f = 1 Hz, 𝜀 
= 0.005 %). 

 

Glass transition temperatures 

Having fully characterized the efficiency of the photo-crosslinking reaction, we then 

investigated the evolution of the physical properties of the elastomers depending on the 

irradiation time, t. First, we measured the glass transition temperature, Tg, by DSC. For all the 

exposure times, the DSC thermogram of the corresponding samples is represented in the ESI, 

Figures S15 to S16. It must be stressed out that, for this analysis, very small amounts of samples 

are analyzed (5 to 15 mg) and it is not possible to consider pieces of materials that are 



representative of the whole thickness. However, different zones of the samples were analyzed, 

and we never observed any transition that would suggest a strongly inhomogeneous structure 

(no double-transition or such). Figure 10B represents the evolution of Tg with t. It increases 

moderately for t varying from 10 to 30 min, before surpassing room-temperature for t = 120, 

and 240 min. Overall, by increasing the photo-crosslinking time, it is possible to explore a Tg 

range, ∆Tg, of ~ 25 °C and to vary from a rubbery to a glassy behavior at room temperature. In 

the previous studies of the literature dedicated to rubbers bearing cinnamate functions, the Tg 

was not impacted by the photo-crosslinking reaction, most likely because the functionalization 

degree was much lower (5-10%).35 For other polymer families, such as polyurethane, ∆Tg’s of 

~ 10 °C are classically reported.11 It is interesting to note that the Fox-Loshaek equation50 

correlates the Tg values to the crosslink density via the formula: Tg(network) = Tg(linear) + k × 𝜈, 

where Tg(network) and Tg(linear) are the glass transition temperatures of the crosslinked and 

uncrosslinked material, i.e. TC-PBut-0 and TC-PBut-t respectively, k a factor depending on 

the network rigidity and 𝜈 the crosslink density. Although it is difficult to estimate the accurate 

crosslink density of these networks due to the missing information regarding the Flory-Huggins 

solvent-polymer interaction parameters,51 it is well known that 𝜈 is inversely proportional to 

the swelling ratio SR. Thus, we tentatively plotted the evolution of ΔTg vs the inverse of SR, 

where ΔTg = Tg (TC-PBut-t) - Tg (TC-PBut-0). It is represented in the insert of Figure 10B. 

Despite the small number of data points, the tendency is compatible with a sharp linear increase 

of ΔTg as a function of 1/SR, as suggested by the Fox-Loshaek equation. Thus, the control of 

the crosslink density via the irradiation time is well validated by the experimental measurements 

of SR and Tg. 

Mechanical properties 

Ultimately, we went on to investigate the mechanical properties of the TC-PBut 

samples as a function of the irradiation time, t. The tensile storage modulus, E’, was first 

measured by dynamic mechanical analysis at 1 Hz (𝜀 = 0.005%) and 20 °C. For all TC-PBut-t 

samples, the values of E’ are reported in Table 2, and the evolution of E’ as a function of t is 

plotted in Figure 11A. E’ increases upon t increase, in accordance with the expected evolution 

of the crosslink density. Remarkably, E’ values vary from 3.8 MPa for t = 10 min to 2070 MPa 

for t = 240 min, meaning that it is possible to explore two orders of magnitude in terms of 

storage modulus, simply by varying the irradiation time. To our knowledge, in the literature 

dedicated to materials with tunable modulus, only one study reported such a wide amplitude at 

room temperature (~ 20 °C).11 It must be stressed out that E’ is directly related to the crosslink 



density only in the rubbery domain, notably via simple models such as the rubber elasticity 

theory.52 In the glassy domain, E’ becomes dependent on segmental mobility and there is no 

trivial model to predict its evolution. With this consideration in mind, the very large amplitude 

of the storage modulus of our system observed upon irradiation, is due to a synergetic effect of 

the increase in both the cross-link density and the Tg, the latter becoming predominant for the 

long exposure times. Indeed, the very large increase of E’ observed for TC-PBut-120 and TC-

PBut-240 is essentially due to the increase of their Tg beyond 20 °C, the temperature of the 

measurements.  Ito et al. made a similar observation during their study of a photo-crosslinkable 

polyester bearing cinnamate moieties.11  

 

Figure 11: (A) Evolution of the tensile storage modulus, E’, as a function of the UV irradiation time, 
t, for TC-PBut-t samples (X = 0.5, thickness = 1 mm), as measured in DMA (f = 1 Hz, 𝜀 = 0.1 %, T = 
20 °C). (B) Evolution of the tensile storage modulus of TC-PBut-15 and TC-PBut-120, as a function 
of the frequency. These master curves were obtained using the Time Temperature Superposition 
Principle. 

 

In order to test further the consistency of our results with the expected evolution of the 

crosslink density, the mechanical properties of TC-PBut-15 and TC-PBut-120 were 

investigated in DMA via frequency sweeps, from 1 Hz to 100 Hz, at various temperatures 

comprised between -50 °C and 50 °C. Using the Time Temperature Superposition Principle,53 

it is possible to construct a viscoelastic master curve to represent the evolution of E’ as a 

function of frequency, f. Figure 11B represents E’ plotted against the reduced frequency (fref) 

varying from 10-4 to 1010 Hz (Detailed procedure in the Materials and Method section, Figure 

S17 and S18, and Table S2 to S5). In this plot, decreasing frequency is equivalent to increasing 

temperature, and inversely. At high frequencies (f > 103 Hz), one can see the glassy plateau. 
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The corresponding glassy modulus is approximately the same for both samples, Eg ~ 3.5 GPa. 

This was expected given that, in this region, the molecular motions are blocked, and the 

crosslink density has a limited impact on the value of the modulus. At low frequencies, i.e. in 

the rubbery domain, the two master curves exhibit very different slopes, which reflects the 

difference in terms of crosslink density in-between the two polymers. As expected, E is much 

higher in the case of TC-PBut-120, the sample irradiated for the longer time. It is worth noting 

that, for both materials, we were not able to observe the rubbery plateau in the conditions of our 

experiments. However, the value of the storage rubbery modulus, E’r, can be estimated by 

considering the frequency sweeps performed at temperatures well above the Tg of the materials, 

i.e. T = 40 °C for TC-PBut-15 and T = 50 °C for TC-PBut-120 (Figure S17 and S18). We 

found E’r = 2.2 MPa and 53 MPa at 1 Hz for TC-PBut-15 and TC-PBut-120, respectively. In 

the frame of the rubber elasticity theory,52 E’r is directly proportional to the molecular weight 

between crosslink, MX: 

𝐸′% =
3𝜌𝑅𝑇
𝑀1

 

Where ρ, R and T represent the polymer density, the gas constant, and the measurement 

temperature, respectively. ρ was measured with a pycnometer (ca. 1.1 g cm-3). With these values 

in hand, one can calculate MX = 3900 and 160 g mol-1, for TC-PBut-15 and TC-PBut-120, 

respectively. Considering the molecular weight of TC-PBut prior photo-crosslinking as 

measured in SEC, Mn = 5480 g mol-1, we have: MX(TC-PBut-120) < MX(TC-PBut-15) < 

Mn(TC-PBut-0). This evolution is consistent and validates well the control of the crosslink 

density via UV-irradiation.  

 In line with the Raman investigation of the dimerization conversion as a function of 

depth, a gradient of elastic modulus was anticipated across the millimeters-thick samples. Thus, 

we decided to probe the in-depth evolution of E’ along the cross-section of photo-crosslinked 

samples. To our knowledge, this was never done for UV-crosslinkable polymers bearing photo-

dimerizable units. Previous works of the literature undertook the in-depth profiling of the 

mechanical properties in polymeric coatings,54-56 notably to quantify the impact of UV-

photodegradation.56 In these studies, atomic force microscopy (AFM) nanoindentation57-59 is 

the preferred method for the local measurement of the elastic modulus on micrometric areas.60, 

61 Herein, we tentatively implemented this methodology to measure E’AFM, the storage modulus, 

beneath the surface exposed to UV during the photo-crosslinking reaction (detailed procedure 

in the Materials and Method section). Cross-sectioned specimens were prepared following the 



procedure used for the Raman spectroscopy investigations (see Figure 8A). First, they were 

analyzed close to the irradiated surface (z = 100 𝜇m). Figure 12A represents the evolution of 

E’AFM as a function of the irradiation time, t. The corresponding Young’s modulus mapping are 

reported in the ESI, Figures S19 to S22. 

 

 

Figure 12: Evolution of the storage modulus, E’AFM, measured by AFM nanoindentation (f = 2 
kHz), as a function of the irradiation time, t, for two distances beneath the surface of the 
irradiated side: (A) z = 100 𝜇m, and (B) z = 1400 𝜇m. 

 

E’AFM is an increasing function of t, in accordance with the expected evolution of the 

crosslinking density. One can note that for t = 10 min and 20 min, EAFM ~ 1.8 GPa which is 

much higher than the modulus values measured by DMA for similar exposure times. Indeed, 

for t varying from 10 min to 20 min, when analyzing the samples in DMA at 20 °C and at a 

frequency of 1 Hz, it comes: 3.8 MPa ≤ E ≤ 56 MPa (Table 2). However, in AFM 

nanoindentation, our experimental set-up operates at a much higher frequency: fAFM = 2 kHz. If 

we refer to the master curves of the sample presented in Figure 11B, the mechanical response 

of the material is very close to the glassy plateau at this frequency. It is thus expected that the 

measured moduli will be much higher than those measured at 1 Hz (e.g. in the GPa range). In 
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these conditions, AFM nanoindentation is not adapted to probe small variations of modulus. 

However, it is still useful to reveal large gradients such as the one existing between the samples 

crosslinked for 10 min versus 240 min (for z = 100 𝜇m, Figure 12A). On this basis, we decided 

to record the modulus at a very different depth, for long exposure times. Figure 12B represents 

the moduli measured at z = 1.4 mm, for t = 120 min and t = 240 min (The corresponding 

Young’s modulus mapping are reported Figures S23 and S24). These moduli are slightly 

inferior to those measured at z = 100 𝜇m for similar exposure times, but above those measured 

for t = 10 min and 20 min. They indicate the existence of a depth gradient of moderated 

amplitude. This last result is well consistent with the observations made in Raman spectroscopy, 

which indicated that photo-crosslinking reaction still proceeds relatively well beyond 1 mm 

beneath the surface, for exposure times > 2h. It confirms the good homogeneity of the samples 

from both the chemical and the mechanical viewpoints. 

Conclusion 

To conclude, a UV-curable cinnamate-functionalized polybutadiene was synthesized via an 

efficient thiol-ene approach. The resulting polymer was used to conceive millimeter thick object 

with a photo-tunable elastic modulus, that can be adjusted over 2 orders of magnitude, from a 

few MPa to more than 1 GPa. The good efficiency of the photo-crosslinking reaction was 

confirmed with numerous experimental approaches including photo-rheology, FTIR and 

Raman spectroscopies, and gel content analysis. Because a gradient of elastic modulus was 

anticipated across the millimeters-thick samples, they were further analyzed by performing 

depth-profiling of both the crosslink density and the mechanical properties. Raman 

spectroscopy was employed to investigate the conversion of the photo-dimerization reaction 

along the cross-section of the cut samples. Additionally, AFM nanoindentation was used to 

measure the local elastic modulus at varying distances from the irradiated surface. The results 

revealed depth gradients, particularly for shorter exposure times (e.g., 5 min ≤ t ≤ 20 min). For 

longer exposure durations (e.g., t ≥ 120 min), the samples appeared largely homogeneous. This 

unprecedented investigation of the photo-dimerization yield and the mechanical properties, in 

both time and space, for a UV-curable rubber, offers valuable insights for applications requiring 

soft materials with photo-tunable mechanical properties. It is of particular interest when these 

materials are used as propagating medium of elastic waves for instance. Soft metamaterials (e.g. 

frequency filters, acoustic lenses) are among the list of relevant examples.62, 63 



Finally, it must be emphasized that the reversed reaction, i.e. the decrosslinking of the materials, 

remains unachievable with these types of UV-curable systems. Indeed, the cleavage of the 

cinnamate dimers is triggered by ~ 250 nm wavelengths, i.e. deep UV. Thus, the energy of the 

corresponding photons, that is inversely proportional to the wavelength, is high. This limits the 

penetration depth within the material, while increasing the risk of degradation due to the strong 

interaction with the polymer. As expected, all the decrosslinking attempts were either 

ineffective or resulted in severe degradation of the material. Although newly discovered photo-

dimerizable moieties can be reversibly associated and dissociated at longer wavelengths,21 such 

as pyrene–chalcone64 or styrylquinoxaline,65 they have not yet been utilized in the development 

of materials with reversible mechanical properties. These new chemistries still have to be 

implemented in elastomeric systems, and further investigation into the efficiency of the photo-

crosslinking reaction within the bulk of the materials will be necessary, as proposed in this 

study. They will help in the preparation of the next generation of adaptable and reusable 

materials, via photo-mediated processes.  

Associated Content  

ESI: Characterization of the thio-cinnamate ester, Additional NMR and FTIR characterizations 
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