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Abstract

:

A two-photon polymerization initiator is a kind of nonlinear optical material. With the demand for more efficient initiators in two-photon polymerization additive manufacturing, there are more and more related studies. In this paper, four conjugate-extended two-photon polymerization initiators with different alkane chain lengths were designed and synthesized, and single-photon, two-photon, and photodegradation experiments were carried out. Additive manufacturing experiments illustrated that the designed molecules can be used as two-photon initiators, and the writing speed can achieve 100,000 μm/s at a laser power of 25 mW. Through theoretical calculation and experimental comparison of the properties of molecules with different conjugation degrees, it was proven that a certain degree of conjugation extension can improve the initiation ability of molecules; however, this improvement cannot be extended infinitely. Solubility tests of different acrylates showed that molecules with different alkane chain lengths have varying solubility. Changing the molecular alkane chain length may be favorable to adapt to different monomers.
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1. Introduction


Two-photon absorption is a third-order nonlinear optical effect that has a wide range of uses. Among them, two-photon polymerization additive manufacturing (TPPAM) is extensively used in many three-dimensional precision structure manufacturing fields—such as those of photonic crystals [1,2], micro-optical elements [3,4], three-dimensional high-density information storage [5,6,7], biocompatible devices [8,9,10], etc.—due to its unique ultra-high-resolution performance. TPPAM has a growing number of applicaitons, which also highlights the new requirements for its manufacturing speed. Since TPPAM is a manufacturing method in which dots form lines and lines form surfaces, making larger structures takes a lot of time to manufacture. Meanwhile, the speed of writing in manufacturing is extremely significant. A larger writing speed can improve manufacturing efficiency and save time.



However, if the writing speed is too high, the resin cannot be irradiated with sufficient laser energy and polymerized to form a three-dimensional structure. One way to solve this problem is to increase the power of the laser. Nevertheless, laser power that is too high will impose high requirements on the laser and increase production costs. Another way is to raise the efficiency of the two-photon polymerization initiator (TPPI). As an important nonlinear material, TPPI absorbs laser energy, undergoes two-photon absorption, generates free radicals, and initiates polymerization [11]. Therefore, it only requires a more efficient initiator if the speed of writing in manufacturing is to be faster, which can lead to the absorbtion of more photons or the production of more free radicals.



As a consequence, the key to the solving this problem is to improve the efficiency of the initiator. In the early days, TPPI used conventional ultraviolet (UV) photoinitiators. UV photoinitiators have active groups and generate free radicals under ultraviolet light irradiation. However, the absorption band of ultraviolet photoinitiators is mainly located in the ultraviolet region, and the two-photon absorption cross section (δTPA) is also small. The possibility of two-photon absorption is so low that the low initiation efficiency is rendered. Studies have proven that by performing conjugation extension, the δTPA of the molecule can be effectively increased, and the absorption efficiency of light can be raised, thereby improving the efficiency of the initiator [12,13,14]. Conjugation extension is the introduction of conjugated groups to connect electron acceptors and electron donors, as well as increase the degree of molecular conjugation and intramolecular charge transfer (ICT) [15,16,17]. Currently, the efficiency of initiators through conjugation expansion has been improved in many studies [18,19,20,21,22,23,24,25]. These studies concluded that molecules make up the structures donor–π–acceptor (D–π–A), donor–π–acceptor–π–donor (D–π–A–π–D), acceptor–π–donor–π–acceptor (A–π–D–π–A), etc., would have better ICT and, thus, have larger δTPA and initiator efficients. However, it is clear that there is a limit to the enhancement of molecular initiation properties through conjugation extension. It is interesting to question, then, where the performance limits can be improved using this approach.



In addition, the compatibility of molecules and monomers is also essential. The initiator molecule must be completely dissolved in the monomer to be effective. Often monomers with different types of structures have different requirements for initiator molecules. For example, the initiators used to print hydrogels need to be water-soluble [26,27]. However, it is very difficult under the condition that one kind of initiator can be widely used in various polar resins. For each monomer, molecular design considering solubility is extremely complicated, and it is not conducive to practical production applications. Therefore, it would be interesting if there was a way to change the structure of the molecule in small amounts, effectively improving the solubility of the molecule with different monomers. The alkane chain is a very easily overlooked part because it hardly affects the chemical properties of the molecule. However, the length of the alkane chain will affect the polarity, the degree of steric hindrance and the geometric configuration of the molecule, and thus, the solubility of the molecule. Moreover, due to the alkane chain hardly affecting the chemical properties of the molecule, changing the length of the alkane chain hardly affects the synthesis method and manufacturing process of the molecule, which greatly reduces the cost of practical application.



In view of the above two points, the traditional UV photoinitiator BD-PM with an active structure was conjugated and extended by introducing a benzene ring to obtain the molecules BD-PPM and BM-PPPM, as shown in Figure 1. Among them, BD-PPM molecules have been reported in the literature with similar structures, and certain effects have been achieved [28]. BM-PPPM with two benzene rings has a larger degree of conjugation. In the previous work, the molecules (BM-PTM) with a larger degree of conjugation formed by benzophenone and triphenylamine were studied, and also obtained good results [29]. New groups can be introduced because diphenylamine has one more site on the nitrogen atom than triphenylamine. Hence, the alkane chain will affect the solubility of the molecule, and the length of the alkane chain on the diphenylamine is simply changed for the molecule BM-PPPM, so that initiators suitable for various monomers can be obtained. This paper compares the initiation properties of molecules with different degrees of conjugation and investigated whether BM-PPPM series molecules can be better considered as initiators.




2. Theory Calculation


The DFT approach can be used to calculate the frontier orbits of conjugated molecules such as D–π–A–π–D and A–π–D–π–A, and to observe the degree of intramolecular charge transfer, so as to predict the two-photon absorption characteristics of the molecule [30,31]. To probe into the electronic properties of molecules with different conjugation extension degrees, the theoretical calculations were carried out using the DFT approach, and the B3LYP functional and 6-31G(d, p) basis sets were used with Gaussian 09 [32]. For molecules with three different degrees of conjugation extension, the degree of intramolecular charge transfer and the frontier orbital energy were analyzed. To reduce the workload of calculations, all alkyl groups were substituted with methyl groups.



It can be seen from Figure 2 that the HOMO orbital was mainly concentrated in the amino part of the electron donor and extended to the π bond bridge, while the LUMO orbital mainly extended from the acetylene bridge to the electron acceptor group benzophenone. With the increases in the conjugation degree, when the BD-PM conjugation was extended to BD-PPM, the ICT of the molecule increased significantly. When extending from BD-PPM to BM-PPPM, the HOMO orbital charge of the molecule was distributed to a further position, along with the introduced conjugated benzene ring, but the LUMO orbital did not change significantly. This probably indicates that the expansion of the electron donor mainly affects the electron distribution of molecules on the HOMO orbital. Overall, the designed molecule BM-PPPM had good ICT performance, which provides a theoretical basis for its application as a TPPAM photoinitiator.



The calculated results of the molecular frontier orbital energy of BD-PM were very close to the known reports [33], which proves the rationality of the calculation. While the use of the B3LYP functional is suitable for calculations of molecular energies, it also over-planarizes the molecule, and over-delocalizes the wave function. As shown in Table 1, the HOMO energy level of the molecule was significantly increased, the LUMO energy level was significantly decreased, and the band gap was significantly reduced as the BD-PM conjugation was extended to BD-PPM. When BD-PPM was extended to BM-PPPM, the change degree of molecular energy level was reduced significantlyand the band gap was slightly reduced, which is consistent with the result directly observed in Figure 2. This shows that, theoretically, the conjugation of molecules is relatively limited, and it means that the conjugation of the molecule cannot be increased indefinitely by blindly adding conjugated groups.




3. Experimental Section


3.1. Materials


All reagents were obtained from commercial suppliers (Table S1) and used without further purification.




3.2. Physical Measurements


Nuclear magnetic resonance (NMR) spectra were obtained on a BRUKER AVANCE III HD 400 MHz (1H NMR at 400 MHz, 13C NMR at 100 MHz). The 1H NMR chemical shifts were measured relative to CDCl3 (δ = 7.26 ppm) as the internal reference. The 13C NMR chemical shifts were given using CDCl3 (δ = 77.16 ppm) as the internal standard. High-resolution mass spectra (HRMS) were obtained with a Thermo Scientific Q Exactive. Absorption spectra were obtained on a HITACHI U-2910 spectrometer. Fluorescence spectra were collected on a Horiba Fluorolog-3 fluorescence spectrometer. The two-photo fluorescence spectra were obtained with MAITAIHP, spectrum physic maitai, and SD2000. The fluorescence quantum yields were measured using a Hamamatsu C11347-11. The cyclic voltammetry tests were performed on an electrochemical workstation (instrument model: CHI660E). Scanning electron microscopes (SEM) were obtained using a Merlin VP Compact, Carl Zeiss.




3.3. Synthesis


Detailed synthetic methods are provided in the Supplementary Materials (Supporting Information) (Figures S1–S3). The synthesis of the final products BM-PPPM was achieved using the classical Sonogashira reaction [34].



BM-PPPM-C6: Purification by column chromatography on silica gel (petroleum ether/ethyl acetate = 10/1, v/v) rendered BM-PPPM-C6 as a yellow solid. 1H NMR (400 MHz, CDCl3): δ = 0.88 (t, J = 6.8 Hz, 6H), 1.25–1.35 (m, 12H), 1.62–1.72 (m, 4H), 3.70 (t, J = 6.8 Hz, 4H), 3.85 (t, J = 7.2 Hz, 4H), 6.75–6.79 (m, 4H), 7.11–7.19 (m, 6H), 7.34–7.40 (m, 8H), 7.56–7.62 (m, 4H), 7.74–7.79 (m, 4H) ppm. 13C NMR (CDCl3, 100 MHz): δ = 14.2, 22.8, 26.9, 27.5, 31.8, 52.5, 87.5, 94.1, 111.8, 116.1, 124.5, 125.5, 128.6, 129.8, 130.1, 131.2, 133.0, 136.2, 147.0, 148.8, 195.4 ppm.



BM-PPPM-C12: Purification by column chromatography on silica gel (petroleum ether/ethyl acetate = 15/1, v/v) rendered BM-PPPM-C12 as a yellow solid. 1H NMR (400 MHz, CDCl3): δ = 0.88 (t, J = 7.2 Hz, 6H), 1.21–1.33 (m, 36H), 1.62–1.72 (m, 4H), 3.70 (t, J = 8.0 Hz, 4H), 3.85 (t, J = 7.2 Hz, 4H), 6.77 (d, J = 8.8 Hz, 4H), 7.12–7.19 (m, 6H), 7.37 (t, J = 6.8 Hz, 8H), 7.59 (d, J = 8.4 Hz, 4H), 7.77 (d, J = 8.4 Hz, 4H) ppm. 13C NMR (CDCl3, 100 MHz): δ = 14.3, 22.9, 27.2, 27.5, 29.5, 29.6, 29.72, 29.76, 29.77, 29.78, 32.1, 52.5, 87.5, 94.1, 111.7, 116.1, 124.4, 125.5, 128.6, 129.8, 130.1, 131.2, 133.0, 136.1, 147.0, 148.8, 195.4 ppm.



BM-PPPM-C16: Purification by column chromatography on silica gel (petroleum ether/ethyl acetate = 15/1, v/v) rendered BM-PPPM-C16 as a yellow oil. 1H NMR (400 MHz, CDCl3): δ = 0.84–0.92 (m, 14H), 1.16–1.28 (m, 46H), 1.77–1.86 (m, 2H), 3.63 (d, J = 7.2 Hz, 4H), 6.78–6.84 (m, 4H), 7.09–7.18 (m, 6H), 7.32–7.40 (m, 6H), 7.56–7.62 (m, 4H), 7.75–7.79 (m, 4H) ppm. 13C NMR (CDCl3, 100 MHz): δ = 14.25, 14.28, 22.79, 22.83, 26.46, 26.47, 29.5, 29.7, 29.8, 30.2, 31.66, 31.68, 31.95, 32.0, 36.4, 56.9, 87.6, 94.0, 112.1, 116.9, 124.1, 125.3, 128.6, 129.7, 130.1, 131.2, 132.8, 136.2, 147.6, 149.7, 195.4 ppm.



BM-PPPM-C20: Purification by column chromatography on silica gel (petroleum ether/ethyl acetate = 20/1, v/v) rendered BM-PPPM-C20 as a yellow oil. 1H NMR (400 MHz, CDCl3): δ = 0.88 (t, J = 7.2 Hz, 14H), 1.17–1.28 (m, 62H), 1.75–1.85 (m, 2H), 3.70 (d, J = 7.2 Hz, 4H), 6.81 (d, J = 8.8 m, 4H), 7.09–7.18 (m, 6H), 7.31–7.40 (m, 6H), 7.56–7.62 (m, 4H), 7.75–7.79 (m, 4H) ppm. 13C NMR (CDCl3, 100 MHz): δ = 14.3, 22.83, 22.85, 26.5, 29.46, 29.51, 29.69, 29.73, 29.78, 29.79, 30.17, 31.67, 32.03, 32.07, 36.34, 56.9, 87.6, 94.0, 112.1, 116.9, 124.1, 125.3, 128.6, 129.7, 130.1, 131.2, 132.9, 136.2, 147.6, 149.7 ppm.




3.4. Resin Preparation


To consider the initiation efficiency and solubility of the initiator under different monomers, two monomers—trimethylolpropane triacrylate (TMPTA) and pentaerythritol triacrylate (PETA)—were adopted. They all had three functional groups, which could achieve a high degree of polymerization and avoid the performance differences caused by different functionalities. Photoresist was prepared by mixing TMPTA, PETA, and 4 kinds of initiator molecules with different chain lengths with BM-PPPM (10 μmol/g), then stirred overnight at 45 °C until clear and free of precipitation. Finally, the mixture was placed in a greenhouse for 24 h to ensure that it did not settle.




3.5. TPPAM Test


The TPPAM experiments were carried out by Nanoscribe GT Photonic Professional, in which the repetition rate was 80 MHz and the wavelength was 780 ± 10 nm. The pulse duration was approximately 120 fs. The average power of laser irradiation on the sample plane was about 50 mW. In the experiment, a 63× objective lens (Numerical aperture 1.4, working distance 190 μm) was adopted. Meanwhile, a three-dimensional wooden-stick stack structure was designed in the experiment under different laser powers and writing speeds, which aimed to test the molecular initiation efficiency and the manufacturing parameter interval for forming a complete three-dimensional structure.



The preparation process adopted an oil-immersion objective lens. After production, the final structure was obtained by being developed twice for 10 min in propylene glycol monomethyl ether acetate (PGMEA), then washed with isopropanol and eventually dried at 40 °C.





4. Results and Discussions


4.1. Linear Absorption and Fluorescence Spectra


As shown in Figure 3, the ultraviolet absorption and fluorescence spectra of molecules BM-PPPM-C6 and BM-PPPM-C12 are, of course, very close. Owing to its chain length, alkane has little effect on the chemical properties of the molecule, only the properties of BM-PPPM-C6 need to be tested. It can be seen from the absorption spectrum that the molecule has a large ultraviolet absorption peak and molar extinction coefficient near 390 nm. This means that molecules have a great utilization of light near this wavelength. It can be speculated that when two-photon absorption occurs, there will be a greater absorption rate for the 780 nm laser.



As can be seen from the fluorescence spectrum of the molecule, the emission wavelength of the fluorescence ehxibits a significant red shift with the increase in the polarity of the solvent, which indicates that the excitation of molecules has an obvious ICT process. This is conducive to the nonlinear properties of the molecule.




4.2. Two-Photon Fluorescence Spectra


Two-photon fluorescence spectra can reflect the ability of the molecule to undergo two-photon absorption. As the probability of two-photon absorption is proportional to the square of the laser power, according to the relationship between the integral area of the two-photon fluorescence and the laser power at different powers, whether or not the molecule has two-photon absorption can be verified. The fluorescence spectrum is shown in Figure 4a, and the relationship between its integral area and laser power is shown in Figure 4b. As can be seen from the fitted line of the logarithmic relationship, its slope is around 2 and slightly smaller than 2, indicating that two-photon absorption occupies the main part of the molecular excitation mode; this also confirms that the molecule can, indeed, undergo two-photon absorption.



The intensity of two-photon fluorescence at different wavelengths is shown in Figure 4c. The fluorescence quantum yield of BM-PPPM-C6 was 52.1% in DCM. (Figure S4). Combined with the fluorescence quantum yield data, δTPA can be calculated using the upconversion fluorescence method [35], as shown in Figure 4d. The fluorescence intensity is distinct at different wavelengths, and the calculated two-photon absorption cross section also varies. It can be seen that the molecule obtains a larger two-photon absorption cross section near 800 nm. It makes certain that the molecule has a greater probability of two-photon absorption, which is a prerequisite to being a two-photon initiator.



At a wavelength of 800 nm, compared with the molecular BD-PM, the δTPA of BM-PPPM-C6 was 116 GM, while the δTPA of BD-PM was 14 GM [36]. Therefore, the δTPA of the molecule was greatly increased. However, the δTPA of BD-PPM was 336 GM in THF [28], and the δTPA of BD-PTM was about 380 GM [29] in DCM. They were both higher than BM-PPPM-C6. This may be because the fluorescence quantum yield of BD-PPM (52.1%) was much higher than that of BD-PPM (16.0% in DCM) and BD-PTM (40.3% in DCM), resulting in a smaller calculated value of δTPA.




4.3. Cyclic Voltammograms


Cyclic voltammetry can be put to proper use by approximating the orbital energy levels of molecules. The experiment was carried out in a DCM solution of 0.1 mol/L of n-Bu4NPF6. In the experiment, a platinum sheet was employed as the working electrode, platinum wire was used as the counter electrode, an Ag/Ag+ electrode was used as the reference electrode, and ferrocene was used as the internal standard. The scan rate was set to 0.1 V/s. It can be calculated from Figure 5 that EHOMO = −5.26 eV. Taking into account the approximate conditions used in the theoretical calculations, it can be considered that the experimental results are basically in line with the theoretical ones. From the ultraviolet–visible absorption band edge of the molecule, the optical band gap of the molecule is around 446 nm, Eg = 2.78 eV. If the optical band gap of the molecule is approximately regarded as the molecular energy gap, the calculation can be ELUMO = −2.48 eV.




4.4. UV Light Stability


Under the ultraviolet light, the photolysis properties of molecules can indicate the sensitivity of molecules to ultraviolet light. Molecules with a concentration of 1 × 10−5 mol/L are irradiated by ultraviolet light with a wavelength of 365 nm and a light intensity of 50 mW/cm2 in a DCM solution. The data of the photolysis experiment are shown in Figure 6a. It can be seen that the molecules react easily under ultraviolet irradiation, indicating that they have high photosensitivity, which also means that the molecule needed to be kept away from light during use.



As shown in Figure 6b, the early photolysis process of the molecule conforms to the first-order kinetic model, and its concentration decays exponentially with time by fitting the relationship between the absorbance of the molecule at 394 nm and the irradiation time. This has a certain value for studying the principle and kinetic process of molecular initiation polymerization.




4.5. TPPAM Experiments


After analyzing the optical properties of the molecule, it is confirmed that the molecule has potential as an initiator. However, the actual initiation performance needs to be tested in a two-photon polymerization experiment. The experiment of TPPAM was carried out with the molecule BM-PPPM-C6 as the initiator and TMPTA as the monomer. In Figure 7a, it is shown that the molecule can actually initiate the polymerization of the monomer to form a three-dimensional structure. At a lower writing speed of 100 μm/s, polymerization is still able to initiate when the power is as low as 5 mW. Under an extremely high writing speed of 100,000 μm/s, the power of 30–50 mW is able to initiate polymerization to form a complete three-dimensional structure. Figure 7b,c is the enlarged structure of the area shown. As can be seen, the molecule can be used as an initiator to obtain a three-dimensional structure with clear outline and complete structure under the applicable speed and power conditions, which proves that the molecule BM-PPPM-C6 is successful as an initiator.



The designed BM-PPPM series of molecules are equipped with different alkane chain lengths. Although it is generally believed that the chain length of alkane hardly affects the chemical properties of the molecule, the solubility of the molecule and the interaction between the molecule and the monomer will have a certain difference in reality. It is not known whether these differences may have a certain impact on the initiation efficiency of the molecule. Consequently, the polymerization effect of BM-PPPM with different alkane chain lengths in TMPTA was compared, as shown in Figure 8 and Figures S5–S7. It can be seen that under the same initiator concentration, there is no obvious difference in the initiation effect of the designed molecule in TMPTA. Initiator molecules of different chain lengths can be completely dissolved in TMPTA to achieve polymerization.



BM-PPPM is obtained by conjugation expansion, so the changes in the initiating ability of molecules with diverse degrees of conjugation are interesting. Comparing the initiation efficiency of BM-PPPM with BD-PPM and BD-PM in previous work [28,29], it can be found that the initiation efficiency of BM-PPPM has been greatly improved compared to BD-PPM and BD-PM, which is in line with the expected improvement in initiator efficiency due to conjugation extension.



However, when BM-PPPM was compared to a more highly conjugated triphenylamine molecule (BM-PTM) [29], it was found that its initiation effect was not inferior; this indicates that simply adding a conjugation group gradually lessened the increase in initiation efficiency as the degree of conjugation increased, just like the diminishing marginal utility effect. Hence, it should not be achieved simply by conjugation expansion, but requires more in-depth consideration so as to design a larger and more efficient initiator.



Although molecules with diverse alkane chain lengths have complete solubility in TMPTA, it does not mean that the molecules with different chain lengths are meaningless. When using the monomer PETA, it was found that hardly any of the BM-PPPM-C6 can be completely dissolved. Additionally, the molecules with longer carbon chains cannot form a clear and transparent dissolution in PETA. After two days of heating and stirring, precipitation still exists. This shows that for PETA, the molecule BM-PPPM-C6 alone can be used as a suitable initiator. As shown in Figure 9, it is more effective in initiating polymerization in PETA, BM-PPPM-C6. With a power of 15 mW and a speed of up to 100,000 μm/s, it can still form a complete three-dimensional structure with only slight deformation at the edges. This result is better than the test results under the same conditions reported in the recent literature (when the writing speed was 100,000 μm/s, the minimum laser power was 44 mW) [15]. Under low speed, low power and a power condition of 5 mW, polymerization can be realized in the speed range of 100–2000 μm/s, with a larger range of polymerization parameters. The above results are excellent, which suggests that this molecule can be used in additive manufacturing at high speeds. Compared to the molecules formed by benzophenone and triphenylamine, the test results in PETA are not inferior.



Meanwhile, in order to illustrate that initiators with different alkane chain lengths have different compatibility in some monomers, the solubility of BM-PPPM series molecules was studied using n-heptane as a solvent. It was found that BM-PPPM-C6 and BM-PPPM-C16 had poor solubility; conversely, BM-PPPM-C20 had good solubility, as shown in Figure S8. BM-PPPM-C12 will separate out after standing for a period of time. At this solvent polarity, longer-chain alkanes are more favorable for dissolution. This entirely illustrates that controlling the alkane chain can effectively regulate the solubility of molecules with different solvents, ensuring that only the change in the alkane chain can meet the needs of different monomers for initiators.



In consequence, it can be seen that due to the critical factor of solubility, the length of the alkane chain is not meaningless in the process of being an initiator. The solubility between organics is extremely complicated, and it is tough to accurately determine the degree of solubility. The simple act of introducing carbon chains of different lengths can effectively change the solubility of molecules. However, in the monomer PETA selected in this article, the shortest chain is more conducive to dissolution. Nevertheless, longer alkane chains may have better solubility under certain conditions. Furthermore, only an alkane chain of moderate length can dissolve more effectively.





5. Conclusions


In this paper, a BM-PPPM series of D–π–A–π–D molecules based on benzophenone groups were designed by conjugated extension. Through theoretical calculations and photophysical experiments, the potential of molecules as nonlinear materials was confirmed. Through TPPAM experiments, it is proven that PETA resin with BM-PPPM molecules as initiators can form complete three-dimensional structures at a writing speed as high as 100,000 μm/s and a laser power as low as 15 mW.



From a molecular-structure point of view, it is confirmed that the molecular conjugate extension can indeed improve molecular initiation efficiency. However, as the degree of conjugation reaches a certain limit, the improvement that can be brought by adding conjugated groups will be extremely limited. In addition, the chain length of the initiator will obviously affect the solubility with the monomer. By simply changing the alkane chain length, the compatibility relationship between the initiator and the monomer can be enhanced to a certain extent.
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Figure 1. The structural formulas of BD-PM (UV photoinitiator), BD-PPM [28], BM-PPPM and BM-PTM [29]. 
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Figure 2. Frontier orbital diagrams of molecules with different degrees of conjugation. HOMO: Highest Occupied Molecular Orbital; LUMO: Lowest Unoccupied Molecular Orbital. (a) BD-PM; (b) BD-PPM; (c) BM-PPPM. 
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Figure 3. Linear absorption and fluorescence spectra of molecules (a) BM-PPPM-C6 and (b) BM-PPPM-C12 at a concentration of 1 × 10−5 mol/L and cuvette a cuvette width of 1 cm. THF—tetrahydrofuran; EA—ethyl acetate; DCM—dichloromethane; DMF—N,N-dimethylformamide. 
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Figure 4. (a) Two-photon fluorescence of molecule BM-PPPM-C6 under diverse laser powers at 800 nm in DCM; (b) relationship between two-photon fluorescence integration area (Fn) and laser power (mW) of BM-PPPM-C6; (c) two-photon fluorescence of molecule BM-PPPM-C6 at diverse excitation wavelengths in DCM; (d) TPACS: δTPA (1 GM = 10−50 cm4·s/photon) at diverse wavelengths of molecule BM-PPPM-C6 in DCM. 
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Figure 5. Cyclic voltammetry experiments of molecule BM-PPPM-C6 and ferrocene at a concentration of 1 × 10−3 mol/L in DCM. 
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Figure 6. (a) UV degradation characteristics of molecule BM-PPPM-C6 at a concentration of 1 × 10−5 mol/L. (b) Photodegradation versus time fitting curve. 
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Figure 7. (a) SEM images of structures with initiator BM-PPPM-C6 (10 μmol/g) in TMPTA. (b) Enlarged view of low writing speed area. (c) Enlarged view of high writing speed area. 
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Figure 8. SEM images of structures with initiators (a) BM-PPPM-C12; (b) BM-PPPM-C16; and (c) BM-PPPM-C20 in TMPTA, 10 μmol/g. 
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Figure 9. (a) SEM images of structures with initiators BM-PPPM-C6 in PETA, 10 μmol/g. (b–d) Enlarged images of the area shown. 
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Table 1. Molecular frontier orbital energy.
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	HOMO

(eV)
	LUMO

(eV)
	Gap

(eV)
	Dippole

(Debye)





	BM-PPPM
	−5.01
	−1.85
	3.16
	6.4644



	BD-PPM
	−4.96
	−1.78
	3.18
	6.5658



	BD-PM
	−5.71
	−1.49
	4.21
	4.2349
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