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Introduction

4D printing, originated from Skylar Tibbits, describes the capability of objects to transform over time directly off the print bed. [1] This fourth dimension requires printed structures to be programmably active and to have the ability to transform independently. This process greatly facilitates the development of multi-material or customized objects for a large number of applications. [2] However, 3D printing of most current photocurable materials is generally based on conventional radical polymerization. As a result, a polymeric network of "dead" chains is formed due to irreversible termination reactions. Consequently, these chains cannot be used to introduce new monomer units, functionalities or properties in a "living" manner. [1e,3] The emergence of photo-controlled living radical polymerization, [4] especially RAFT polymerization, [5] opened up new perspectives for 4D printing. In 2017, Johnson et al. developed the first-generation living additive manufacturing process. [3] In their approach, a 3D "parent" gel was synthesized via click chemistry, and then photo-redox catalyzed RAFT polymerization was carried out to generate "daughter" gels, which could be chemically and mechanically different or similar to "parent" gel. Later, Boyer's group focused on the direct application of photo-catalyzed RAFT polymerization to the 3D printing process. Their formulations contained an organic dye (photocatalyst), a tertiary amine (co-catalyst), a RAFT agent and acrylates (monomer). A key element for 4D characteristics is the retention of the RAFT chain transfer agent functionality during 3D printing, allowing a facile photochemical post-modification by visible irradiation after the original printing process to tailor surface properties. [6] Very recently, they proposed to use a Norrish type I photoinitiator instead of photocatalyst in a RAFT polymerization system leading to a faster 3D printing process. [7] Surprisingly, to the best of our knowledge, photo-controlled RAFT polymerization has never been described in the context of elaborating 3D micro-and nanostructures by DLW, despite the great potential of this approach for facile surface modifications of such tiny structures. While it is known that micro-and nanostructures with special features have been widely used in photonics, [8] microelectronics, [9] biomedicine, [10] microfluidics [11] and so on, [12] a better, more versatile control of surface properties and modifications could lead to new perspectives in these fields. [13] In our present work, five macro-photoiniferters (Macro-DTCs, Scheme 1a and Table 1 ) were synthesized by photo-controlled RAFT polymerization and one of them (Macro-DTC-01) was selected to perform 3D DLW in presence of air. The initiation system only contains one macrophotoiniferter, no additional compounds. After introducing Macro-DTC-01 into resins, we investigated its performance in 3D micro-printing. Remarkably, 3D structures with sub-500 nm features could be achieved. Following the fabrication of micro-objects, the dithiocarbamate groups incorporated in the networks were reactivated for reconfiguration processes. Two resins were chosen to customize and modify our microstructures' surfaces: a conventional acrylate resin and a functional, stimuli-responsive material. Detailed experimental procedures can be found in the Supporting Information.

Scheme 1. a) The synthesis process of Macro-DTCs. b) The proposed RAFT polymerization mechanism under irradiation. c) Chemical structures of monomers.

Results and Discussion

Macro-photoiniferters Macro-DTCs

As shown in Scheme 1a, Macro-DTCs are derived from methyl 2-((9H-carbazole-9carbonothioyl)thio)-2-methylpropanoate (DTC). Through RAFT polymerization of butyl acrylate (BA), initiated by DTC, five Macro-DTCs with different number-average molecular weights (Mn) (Table 1) were obtained under blue LED irradiation for 24 hours except in case of Macro-DTC-03. The synthesis processes of DTC and Macro-DTCs are detailed in the Supporting Information and Table 1. [14] Moreover, Table 1 lists conversion of BA, Mn, and molecular weight dispersity (Mw/Mn) for each of the five Macro-DTCs. The conversions of BA were calculated from 1 H NMR spectra (Figure S1), Mn and Mw/Mn were obtained from size exclusion chromatography (SEC, Figure S2). The narrow molecular weight distributions, ranging from 1.06 to 1.17 (Table 1), proved that these polymerization processes are well controlled. Based on RAFT polymerization, the mechanism of the polymerization process induced by these macro-photoiniferters is shown in Scheme 1b. Owing to the absorbance of Macro-DTC at blue light (see UV-Vis spectra in Figure S3), [14] photo-excitation of Macro-DTC causes homolytic cleavage of the weak C-S bond, generating a thiocarbonylthio radical and a radical propagating species. The propagating radical species is capable to react with monomer vinyl groups and to interact with other thiocarbonylthio radical species as well as with macromolecules containing dithiocarbamate groups. The recombination of the propagating radical (Pn•) with a thiocarbonylthio radical or its reaction with other macrodithiocarbamates allows a large fraction of the growing polymer chains to become dormant.

The retention of the thiocarbonylthio group as a chain-end throughout the polymerization, repeated activations of dormant thiocarbonylthio-capped polymer chains via transfer reactions, and subsequent monomer additions are key elements of RAFT polymerization. [4g] The ability of a Macro-DTC homologue to initiate polymerization via irradiation at 480 nm or 525 nm has already been investigated in our previous work. [14] Next, we will explore the capabilities of Macro-DTC in 3D printing. b) the reaction time is 29 hours, instead of 24 hours.

3D printing

3D DLW is a very useful tool to generate arbitrary microstructures. In this work, all 2D and 3D

printing were performed on a high resolution 3D-printing system (µFAB-3D from Microlight3D) based on DLW at 532 nm. The fabrication procedure is illustrated in Figure 1a and the printing parameters are detailed in the Supporting Information.

First, we have investigated the performance of Macro-DTC-01/PETA in the printing of 2D microstructures. Pentaerythiritol triacrylate (PETA, chemical structure is shown in Scheme 1c) is a trifunctional monomer, which was added to the formulation as crosslinker to improve the mechanical stability of the resulting microstructures. In order to preserve the ability of the polymer to undergo repolymerization, we first used a limited amount of PETA (20 wt%).

However, as highlighted in Figure S4 (right), the degree of crosslinking within the polymer microstructure was not sufficient to maintain structural integrity after development. By increasing the amount of PETA up to 50 wt%, mechanically stable 3D microstructures were successfully fabricated (Figure S4, left). Therefore, formulations based on Macro-DTC/PETA (50/50, wt%) were systematically employed in all of the following experiments. Furthermore, we studied the impact of the Mn on fabrication conditions, features' size and structuration. For each formulation listed in Table 2, we have first determined the intensity threshold Ith and the damage intensity Idamage defined respectively as the minimum laser intensity required to initiate the polymerization and the laser intensity leading to micro-explosion. To that aim, lines were fabricated at increasing laser intensity with a printing speed of 14.3 µm/s. The results are reported for each formulation in Table 2 and a representative series of lines is given for the formulation Macro-DTC-01/PETA (Figure S5). One can notice that the intensity threshold Ith is higher for higher number average molecular weight Mn, underlining a lower reactivity for formulation based on Macro-DTC with high Mn. This can be explained by a lower concentration of DTC groups for high Mn Macro-DTC. No obvious changes in the damage intensity Idamage were observed. In a second step, we have investigated the impact of laser intensity on the feature size of microstructures. S7). Moreover, as shown by Luo and coworkers, [15] increasing the number of DTC groups in the starting formulation will favor the number of DTC groups in the final polymer. Therefore in order to optimize structuration capability and the ability of the microstructure to be post-functionalized, the formulation Macro-DTC-01/PETA has been selected for the next sections. To demonstrate Macro-DTC-01's performance in DLW, two intricate 3D structures were achieved with a laser intensity of 0.38 mW/cm² and a printing speed of 43.4 µm/s. SEM images (Figure 1b) show that the structures have well defined shapes and sub-µm resolutions (~ 500 nm). Here, it is worth noting that these structures were made from a formulation which contained 50 wt% PETA and 50 wt% Macro-DTC, no other additives. These complex microstructures prove Macro-DTC-01 is an excellent photoiniferter for photopolymerization processes during 3D printing. 

Multi-material microstructures

Several experiments were conducted in order to study the possibility to perform localized modifications of 3D microstructures, thanks to the presence of dithiocarbamate groups in the formed polymer. As shown in Figure 2a (top), we used pure trimethylolpropane triacrylate (TMPTA, chemical structure is shown in Scheme 1c) without Macro-DTC to write the letters "µRAFT" onto an assembly of microstructures, created via successive functionalizations of a variable number of layers on top of a PETA base microstructure. Figure 2b shows the "µRAFT" fabricated onto the top of three different, stacked squares. Amongst those squares, exclusively the bottom-layer square (50×50 µm²) was made from 50 wt% PETA and 50 wt% Macro-DTC-01 using a laser intensity of 0.44 mW/cm² and a printing speed of 14.3 µm/s, every subsequent square (repolymerized layer) was made from pure TMPTA without Macro-DTC. The intensities used for fabricating the second and third squares were 0.85 and 0.99 mW/cm², while the printing speed was kept at 14.3 µm/s and resulted in layer thicknesses of 240 and 277 nm, respectively (Figure S8). As shown in the AFM and SEM images (Figure 2b, Figure S9), the height of letters on the top layer (1.92 mW/cm²) is 217 nm and their width 200 nm. Here, the uniform height and exceptionally high resolution of the microstructures on the final layer clearly proves the successful repolymerization. Moreover, reinitiation, reconfigurations and modifications can be achieved, remarkably, across multiple layers using Macro-DTC-01. One major advantage of living polymerization is that it guarantees covalent linking of the microstructures to the supporting polymer surface, which greatly eliminates the adhesion problems between layers. In order to confirm the presence of DTC groups into the repolymerized layers (with a total thickness of 1.4 μm, Figure S10), micro-FTIR experiments were conducted. In Figure S11, we can clearly see peaks at 1666 cm -1 (aromatic C-H), 1451 cm -1 (aromatic C=C), 1326 cm -1 (C=S) and 755 cm -1 (aromatic C-H and C-S) in the spectrum of the repolymerized layers, which are characteristic peaks of dithiocarbamate. [16] The experimental details are described in the Supporting Information. To further demonstrate the versatility of this RAFT polymerization, a spatially controlled polymerization process using N-isopropylacrylamide (NIPAM, Scheme 1c) monomers was performed on the surface of polymerized Macro-DTC-01/PETA squares. Poly (Nisopropylacrylamide) (PNIPAM) is well-known as a temperature-responsive polymer hydrogel, which has been used in the fields of biosensors, actuators and drug delivery. [17] Raising the temperature above the lower critical solution temperature (LCST) of PNIPAM causes it to become hydrophobic and dehydrate, i.e. PNIPAM expels water molecules from the spaces in its polymer network, which results in shrinkage and stiffening of the structure. Upon decreasing the temperature, this process reverses and PNIPAM returns to its swollen, hydrated state. Even though several attractive 3D-printed PNIPAM structures were presented, it remains a challenge to obtain PNIPAM structures exhibiting this temperature stimulus response. [18] This is due to the ratio of monomer to crosslinker used for fabrication: with low quantities of crosslinker, it can hardly form structures, even if the resulting material responds to the stimulus; on the other hand, with high amounts of crosslinker, it can easily produce arbitrary structures, which, however, hardly respond to temperature. In our experiment, Macro-DTC-01 allows us to fabricate responsive patterns via reconfigurations of the surface of a base microstructure. The formulation used for post-modification contains only NIPAM and ethylene glycol. First, as before, a square was made using 50 wt% PETA and 50 wt% Macro-DTC-01; then a drop of the NIPAM solution was applied to cover the square (Figure 2a bottom). A well-organized honeycomb structure was patterned onto the square (Figure 2c) using DLW (1.50 mW/cm²) followed by development using ethanol. The stimuli-responsive property of PNIPAM has been investigated using AFM in an aqueous environment. When the water temperature is 45 °C, the heights are 246 nm (± 18 nm), measured from the top of the PETA square to the top of the bars and the widths are 721 nm (± 46 nm). After decreasing the temperature to 14 °C, both heights (300 ± 14 nm) and widths (987 ± 60 nm) increase, compared to their dimensions at 45 °C.

When the water is heated again to 45 °C, the sizes of structures decrease again as well (heights 258 ± 14 nm, widths 793 ± 55 nm). Figure 2c1 illustrates the evolution of PNIPAM microstructures in height. The AFM images (Figure 2c2) let us easily perceive the changes in height via differing color-map values, and changes in width through variations of the sizes of holes. To quantify these changes, the heights and widths at each temperature are plotted in Figure 2c3. Clearly, Figure 2c shows PNIPAM's shrunk and swollen states under water. Here, it is worth to mention that upon cooling from 45 °C to 14 °C, the structures' heights increase less than their widths. This may be attributed to the organization of polymer chains, which deserves to be further studied.

To highlight the potential of our approach, the functionalization of a 3D microstructure were carried out. For this purpose, one "bridge" microstructure, consisting of four pillars connected by four horizontal hanging bars, was fabricated (0.38 mW/cm², 43.4 µm/s) from Macro-DTC-01/PETA (50/50, wt%) (Figure 3a). Then, functionalization was performed on one of the hanging bars using TMPTA with fluorescein (1.78 mW/cm 2 , 14.3 µm/s) (Figure 3b). 

Intensity-mediated surface modification

To further explore the conditions for optimal surface modification, several groups of lines (Figure 4a) made from pure TMPTA without Macro-DTC were fabricated on the assembled squares. The laser intensities used for the first to fourth square were 0.44, 0.85, 0.99 and 1.15 mW/cm², respectively. The first square corresponds to the first polymerized layer, while the second and further squares correspond to repolymerized layers. The distance between two adjacent lines is 3 µm. The laser intensity was increased gradually between lines, while keeping printing speed constant at 14.3 µm/s. In Figure 4b, lines' heights, measured by AFM (Figure 4c), are plotted against laser intensity. The heights increase linearly with laser intensity, except for the lines on the first layer at intensities above 2.1 mW/cm². From Figure 4b, one can also notice that the heights of repolymerized lines clearly decrease with an increasing number of consecutive layers. For instance, while for the lines on the top of the first layer the height is ranging from 100 nm to 1000 nm in function of laser intensity, for the lines on the top of the fourth layer, the height is only tunable between 15 to 220 nm for the same range of laser intensities. Similar trends are observed for lines' widths against laser intensity (Figure S14).

These observations can probably be explained by the formation of dead polymer chains during the whole process. While this indicates that the number of possible successive repolymerizations is certainly limited, this set of data nicely demonstrates that several consecutive post-functionalizations or modifications can be realized in a controlled manner by varying laser intensity. Indeed, the heights of these structures can be tuned accurately from nano-up to micro-scale which is very important in surface functionalization and surface patterning applications. [19] For all fabrications, the printing speed was fixed to 14.3 µm/s.

Conclusion

In summary, we have applied a macro-photoiniferter synthesized by photo-controlled RAFT polymerization for the creation and reconfiguration of 3D microstructures by DLW in presence of air. The simple formula system (Macro-DTC plus one resin) makes sample preparation easy and greatly reduces migration problems during fabrication and in structures. Remarkably, this Macro-DTC is suitable for the fabrication of arbitrary 3D structures with sub-500 nm resolution by DLW, while its retention of RAFT functionalities throughout successive functionalization steps allows the versatile reconfiguration of surfaces across multiple layers and using different materials, e.g. temperature-sensitive polymers. By adapting light intensity and materials, welldefined structures with controlled dimensions and tailored properties can be patterned. The combination of this photo-controlled RAFT polymerization process with 3D DLW provides a strategy to fabricate and reconfigure 3D microstructures by affording access to new functional and stimuli-responsive materials for 4D and multi-material micro-printing.

Figure 1 .

 1 Figure 1. a) The process to fabricate 3D micro-objects using DLW. b) SEM images of 3D microstructures made from PETA and Macro-DTC-01 (50:50, wt%) using a printing speed of 43.4 µm/s and a laser intensity of 0.38 mW/cm². The red circle is used to point to the zoom-in image to see the resolution.

  Finally, it has to be mentioned that no polymerization or repolymerization was observed in pure TPMTA or in absence of Macro-DTC in the conditions of excitation for fabrication and functionalization (FigureS12and S13). These control experiments confirm the crucial role played by Macro-DTC in allowing fabrication and functionalization of microstructures. Based on these observations, one can assume that the multi-layer growth process is induced by photo-mediated RAFT polymerization.

Figure 2 .

 2 Figure 2. a) The process to modify the surface of microstructures using DLW. b) AFM and SEM images of µRAFT at the top layer made from TMPTA without photoinitiator. The first layer is a square made from PETA and Macro-DTC-01 (50:50, wt%), other squares (repolymerized layers) are made from TMPTA alone. c) The evolution of PNIPAM honeycomb microstructures on the square at different temperatures. 1) The schema to illustrate the change

Fluorescein

  has been added to the TMPTA to allow visualization of the functionalized part via fluorescence lifetime imaging (FLIM). It has to be noted that similar structures were also btained without fluorescein. As shown in the inset of the SEM image after functionalization (Figure3a), the repolymerized structure is localized on the top of one hanging bar, demonstrating the exquisite control in the spatial modification of the polymerized microstructure. The height of the functionalized area was estimated to 720 nm from the inset SEM image.

Figure 3 .

 3 Figure 3. a) SEM images (tilt view) of bridges made from Macro-DTC-01/PETA (50:50, wt%) without (left) and with (right) functionalization from TMPTA with fluorescein. Inset: zoom on the functionalized area. b) FLIM image (top view) of the functionalized bridge.

Figure 4 .

 4 Figure 4. a) Layout of assembled square layers with lines. b) The height of lines at the first to fourth layer made from TMPTA alone as a function of laser intensity. The first layer is a square made from PETA and Macro-DTC-01 (50:50, wt%). c) AFM images of these lines and profiles.

Table 1 .

 1 The conversions of BA, Mn and Mw/Mn of Macro-DTCs and their conditions of synthesis under blue LED irradiation.

	Macro-DTC	λLED (nm)

ILED (mW/cm²) [BA]/[DTC] Conversion of BA from 1 H NMR (%) a) determined by SEC in THF eluent.

  Thus, single-voxel structures were prepared from formulations based on Macro-DTC/PETA (50/50, wt%, Table2) at different laser intensities, while keeping a constant exposure time (10 ms). Then, their heights were measured subsequently from SEM images. Similar experiments were conducted with PETA/Macro-DTC-01 to 05, and the voxel heights were plotted as a function of laser intensities (FigureS6). As expected, higher intensity leads to increased voxel dimensions and consequently to lower resolution. Interestingly, Macro-

DTC-01/PETA exhibits the broader window processability by allowing creation of voxel from 0.25 mW/cm² to 2.3 mW/cm², leading to heights from 2.5 to 9 µm. To confirm the better printability provided by Macro-DTC-01/PETA, woodpile microstructures were made from all formulations from Table

2

with a laser intensity close to the laser intensity threshold Ith of each formulation and a printing speed of 14.3 µm/s. The formulation Macro-DTC-01/PETA clearly leads to the best performance in terms of structuration (Figure

Table 2 .

 2 Compositions and reactivities of formulations based on Macro-DTC/PETA.

	Macro-DTC/PETA	Macro-DTC	n of Macro-DTC	I th	I damage
	(50/50 wt%)	(g)	(µmol)	(mW/cm²)	(mW/cm²)
	Macro-DTC-01/PETA	0.262	38.0	0.248	2.3
	Macro-DTC-02/PETA	0.252	21.2	0.446	2.3
	Macro-DTC-03/PETA	0.245	16.8	0.550	2.3
	Macro DTC-04/PETA	0.246	13.1	0.99	2.3
	Macro-DTC-05/PETA	0.283	10.6	1.58	2.3
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