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13 ABSTRACT

14 The quest for new photoinitiators (PIs) capable of efficiently absorbing multiphoton, 

15 particularly three-photon, has intensified due to the multiphoton polymerization (MPP) 

16 technique. MPP enables the fabrication of next-generation photonic micro- and 

17 nanodevices with resolution beyond the diffraction limit and without shape limitation, 

18 offering considerable advantages over other methods. However, designing organic 

19 compounds acting as effective multiphoton PI while enabling smart functionalization of 

20 manufactured structures remains challenging. In this contribution, we report using a 2-

21 (2’-hydroxyphenyl)benzoxazole (HBO) derivative, named HBO-NBu2, as a PI for two- 

22 and three-photon polymerization. HBO fluorophores are well-known to undergo Excited-

23 State Intramolecular Proton Transfer (ESIPT) process, but in this structure, the 

24 combination of a planar and linear push-pull dipolar structure, with an extensive π-

25 conjugation, led to a complete suppression of ESIPT, subsequently fulfilling an excellent 

26 nonlinear response. Herein, we investigate the linear photophysical properties, excited-

27 state dynamics, and multiphoton absorption of HBO-NBu2, supported by quantum 

28 chemical calculations. Our results demonstrate that HBO-NBu2 exhibits structural 

29 rigidity, rendering a fluorescence quantum yield of 62% in dichloromethane solution, 

30 owing to the absence of ESIPT and substantial intramolecular charge transfer (ICT) due 

31 to its push-pull nature. Moreover, this molecule shows significant two- and three-photon 

32 absorption cross-sections of 80 𝐺𝑀 (at 800 𝑛𝑚) and 4 ±  1 ⋅ 10⁻⁸¹ 𝑐𝑚⁶ (𝑠/𝑝ℎ𝑜𝑡𝑜𝑛)² 

33 (at 1030 𝑛𝑚), respectively. Finally, we demonstrate a proof of concept of MPP using 

34 HBO-NBu2 as PI, showing that even at low concentrations, it outperforms widely used 

35 PI.

36
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40

41 1. INTRODUCTION

42 Material processing using ultrashort laser pulses has become an essential tool in 

43 various fields of science and technology, as it enables the development of next-generation 

44 micro- and nanophotonic devices. In particular, multiphoton polymerization (MPP) has 

45 been widely employed for its ideal characteristics to advance 3D fabrication processes1,2. 

46 These characteristics derive from the benefits of multiphoton absorption (MPA) processes 

47 (two- or three-photon), such as high penetration depth (for wavelengths longer than 800 

48 nm) and high spatial confinement3,4. These properties make MPP superior to other 

49 fabrication techniques, enabling the creation of 3D structures with subdiffraction-limit 

50 resolution, precise dimensional control, and functionalization, reducing undesired 

51 thermal or photochemical side reactions1,5. In this way, MPP has been employed for the 

52 fabrication of high-precision photonic devices, such as microresonators6, photonic 

53 crystals7, waveguides8, and smart microenvironments for cell culture9.

54 Photopolymerization involves the combination of at least two types of 

55 compounds: a monomeric or oligomeric material and a photoinitiator (PI)10. Upon light 

56 absorption, the PI undergoes a photochemical transformation that generates free radicals, 

57 triggering the polymerization process in three steps: initiation, propagation, and 

58 termination2,10. Thus, successful MPP relies on the use of PIs capable of efficiently 

59 absorbing multiphotons (two- or three-photons). In addition to initiating 

60 photopolymerization, PIs enable smart functionalization of fabricated structures1,11, such 

61 as embedding on demand fluorescent properties to meet specific requirements.

62 Early studies of MPP included common UV PIs due to their broad commercial 

63 availability5. However, these PIs exhibit low MPA efficiency12,13, requiring high 

64 excitation intensities and limiting the use of three-photon absorption (3PA), a process that 

65 provides higher spatial resolution compared to one- and two-photon absorption (1PA and 

66 2PA), as initially demonstrated by Farsari et al.14 Recent studies have developed organic 

67 compounds with strong 2PA and satisfactory performance as two-photon PIs5,11,15,16. 

68 However, the challenge remains to create viable molecules as three-photon PIs that 

69 simultaneously meet specific conditions: efficient 3PA, alignment with the central 
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70 wavelengths of widely used femtosecond lasers (Ti:Sapphire and Yb:KGW), and the 

71 potential for functionalization of the manufactured structures.

72 In this context, 2-(2′-hydroxyphenyl)benzoxazole (HBO) derivatives stand out 

73 among the various organic compounds because of their straightforward synthesis, 

74 chemical and photochemical stability, modularity, and their ability to undergo an Excited 

75 State Intramolecular Proton Transfer (ESIPT). ESIPT is a four-level photophysical 

76 process occurring in H-bonded organic fluorophores consisting in an excited-state 

77 Enol/Keto (E*/K*) tautomerization, translating into a red-shifted tautomeric K* excited 

78 species (see Fig. 1a)17,18. ESIPT derivatives, such as HBO dyes, display intrinsic solid-

79 state emission, along with a strong sensitivity to the environment19. Indeed, ESIPT can 

80 be partially or fully suppressed or even compete with deprotonation, leading to multiple 

81 emission profiles, depending on structures and stimuli20,21. Recently, we reported the 

82 possibility of fully suppressing ESIPT processes by the introduction of ethynyl extension 

83 at a selected position as an easy way to provide highly emissive solution-state 

84 fluorophores22, with high energy emissions stemming from the E* state. ESIPT 

85 fluorophores act as attractive candidates for a wide range of applications, including laser 

86 materials23, fluorescent probes24, organic light-emitting diodes25, and, more recently, two-

87 photon PI for polymerization15. 

88 Herein, we report the design and use of an HBO derivative, named HBO-NBu2, 

89 as a novel photoinitiator for two- and three-photon polymerization (2PP and 3PP) (see 

90 Fig. 1b). We synthesized HBO-NBu2 according to a previously reported procedure26. 

91 The design includes a push-pull dipolar structure (Acceptor-π-Donor) with extensive π-

92 conjugation: the benzoxazole moiety acts as the electron acceptor, the dibutylamide group 

93 (NBu2) acts as the electron donor, and the ethynyl unit serves as the π-conjugated bridge. 

94 This condition meets the specifications set forth by Reinhardt et al.27 and Albota et al.28 

95 for molecules displaying remarkable MPA. HBO-NBu2 was rationally designed to be 

96 ESIPT-inactive owing to a linear delocalization pathway perpendicular to the proton 

97 transfer center. As reported before, the electronic transition upon photoexcitation occurs 

98 in the π-conjugated spacer, with the hydrogen bond acting as a lock, hindering molecular 

99 rotation and promoting higher fluorescence quantum yield (𝜙fl)29. Furthermore, ESIPT 

100 suppression combined with an ethynyl unit (incorporated into the molecular structure) 

101 contributes to a highly planar molecular structure favoring MPA.

102 In this contribution, we conducted a detailed investigation on HBO-NBu2 linear 

103 photophysical properties, complemented by quantum chemical calculations at the DFT 

Page 3 of 21 Journal of Materials Chemistry C



104 and TD-DFT levels. Moreover, the dynamics of the excited state were analyzed through 

105 femtosecond transient absorption spectroscopy and investigate its MPA process (two- and 

106 three-photon) using the multiphoton excitation fluorescence (MPEF) technique. Finally, 

107 we evaluated the possibility to use HBO-NBu2 as a PI for MPP, and microstructures with 

108 inherent fluorescence emission were manufactured.

109

110
111 Figure 1 – a) Jablonski diagram illustrating the suppression of the ESIPT process leading to sole E* 
112 emission, and b) Molecular structure of HBO-NBu2.

113

114 2. RESULTS AND DISCUSSIONS

115 2.1. Linear photophysical properties

116 Figure 2a (black line) presents the 1PA spectrum of HBO-NBu2 in 

117 dichloromethane (DCM). The compound shows strong absorption in the UV-Vis spectral 

118 region, between 250 and 450 𝑛𝑚 (4.96 ― 2.76 𝑒𝑉). We identified three regions with 

119 distinct behaviors, which we associate with three electronic bands. The lowest energy 

120 band, located at approximately 394 𝑛𝑚 (3.15 𝑒𝑉), exhibits the highest molar 

121 absorptivity, with a value of 4.1 ⋅ 104𝑀―1𝑐𝑚―1. The second band, associated with a 

122 shoulder is located ca. 344 𝑛𝑚 (3.60 𝑒𝑉), while the third band is at approximately 

123 307 𝑛𝑚 (4.01 𝑒𝑉), with molar absorptivities of 2.0 ⋅ 104𝑀―1𝑐𝑚―1 and 2.5 ⋅ 104𝑀―1𝑐

124 𝑚―1, respectively. We observed that all these transitions are characterized by an 

125 intramolecular charge transfer (ICT) process, which is mainly attributed to the typical π-

126 π* transitions in the conjugated backbone of HBO-NBu2 (vide infra)30,31.

127 The excitation anisotropy spectrum of HBO-NBu2 (Fig. 2b, black circles) 

128 exhibits different patterns depending on the spectral region. Between 375 and 440 𝑛𝑚, 
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129 the anisotropy remains almost constant, with an average value of 0.015, indicating that 

130 the main absorption band corresponds to a single electronic state, i.e., the S0-S1 transition. 

131 At wavelengths shorter than 375 𝑛𝑚, the anisotropy sharply decreases until ca. 320 𝑛𝑚, 

132 suggesting the presence of other states. Below 320 𝑛𝑚, the spectrum exhibits more 

133 complex behavior, typical of spectral regions with high electronic state density32.

134

135
136 Figure 2 – a) One-photon absorption spectrum (black line: left axis) of HBO-NBu2 in DCM along with 
137 oscillator strengths (blue vertical lines: right axis) obtained through IEFPCM:TD-B3LYP/6-311++G(d,p) 
138 calculations. b) Emission anisotropy spectrum (black circles: right axis) and Gaussian decomposition of 
139 electronic bands (shaded areas and dashed line is the superposition of Gaussians).
140

141 Table 1 – Photophysical properties of HBO-NBu2 in DCM, including Stokes shift (𝛥𝜈𝑆𝑆), fluorescence 
142 lifetime (𝜏𝑓𝑙), fluorescence quantum yield (𝜙𝑓𝑙), radiative rate (𝑘𝑟), non-radiative rate (𝑘𝑛𝑟), effective 
143 charge displacement length (𝐷𝐶𝑇), transferred charge (𝑞𝐶𝑇), and the difference between the permanent 
144 dipole moments of the excited state and the ground one (|𝛥𝜇01|).

Sample Δ𝜈𝑆𝑆 (𝑐𝑚―1) 𝜏fl (𝑛𝑠) 𝜙fl (%)
𝑘𝑟 (
× 107𝑠―1)

𝑘𝑛𝑟 (
× 107𝑠―1) 𝐷𝐶𝑇 (Å)𝑎 𝑞𝐶𝑇 (|𝑒―|)𝑎 |Δ𝜇01| (𝐷)

HBO NBu2 5700 2.5 ± 0.4 62 ± 3 25 ± 4 15 ± 4 5.7 0.7 13.5 ± 2b 17.5a

145 a Quantities obtained through quantum chemical calculations at the IEFPCM:TD-B3LYP/6-311++G(d,p) 
146 level.
147 b Quantities obtained through solvatochromism measurement using the Lippert-Mataga equation.
148

149 Quantum chemical calculations (QCC) at the PCM-TD-B3LYP/6-311++G(d,p) 

150 level have provided us with essential insights into the nature of HBO-NBu2 electronic 

151 bands, especially concerning the highest energy band. As shown in Fig. 2a (blue vertical 

152 lines), the two lowest energy bands consist of a single electronic transition, corresponding 

153 to the S0-S1 and S0-S2 transitions, which aligns with the anisotropy results. In contrast, the 

154 highest energy band is described by multiple electronic transitions, with the S0-S3 

155 transition being the most intense. Therefore, the observed behavior agrees with the 

156 anisotropy spectrum.

157 Figure 3a shows the fluorescence emission spectrum of HBO-NBu2 in DCM, 

158 obtained for different excitation wavelengths. The molecule displayed a single 
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159 fluorescence emission band in the visible spectral region, with the maximum at ca. 

160 508 𝑛𝑚 (green), independent of the excitation wavelength. The Stokes shift (𝛥𝜈𝑆𝑆) of 

161 approximately 5700 𝑐𝑚―1 indicates significant electronic rearrangement in the excited 

162 state due to ICT (vide infra).

163 Table 1 summarizes other relevant emissive properties of HBO-NBu2 in DCM. 

164 The molecule exhibits a high 𝜙fl of 62% and a relatively long fluorescence lifetime (𝜏fl) 

165 of 2.5 𝑛𝑠 (Fig. 3b), consistent with values reported for similar compounds31,33,34. These 

166 results indicate that the main deactivation pathway of the molecule is radiative and 

167 validates the absence of ESIPT in HBO-NBu2, as ESIPT is usually characterized with 

168 low solution 𝜙fl in the range 1 ― 5%35. When comparing the deactivation pathways, one 

169 can observe that the radiative rate (𝑘𝑟) is approximately 1.7 times greater than the non-

170 radiative rate (𝑘𝑛𝑟). While this high 𝜙fl is desirable in many applications, some works 

171 suggest that it may be unfavorable for photoinitiators, as it can limit the population in the 

172 active state required to initiate the photopolymerization process5,36,37. However, high 𝜙fl 

173 is not limiting since it allows us to functionalize the manufactured structures with 

174 emissive properties. Also, a high MPA cross-section (𝜎𝑀𝑃𝐴) can overcome this likely low 

175 radical generation efficiency5.

176

177
178 Figure 3 – a) Fluorescence spectrum of HBO-NBu2 for different excitation wavelengths in DCM. b) Time-
179 resolved fluorescence intensity curve (blue circles), temporal instrument response function (IRF – black 
180 dashed line), and the theoretical curve obtained by the convolution method (light blue line).
181

182 The highest occupied molecular orbital (HOMO) and lowest unoccupied 

183 molecular orbital (LUMO) of HBO-NBu2, obtained through QCC, are shown in Fig. 4a. 

184 The analysis of the orbitals reveals that the electronic excitations HOMO→LUMO, 

185 HOMO-1→LUMO, and HOMO-2→LUMO are the ones that best represent the three 

186 lowest-energy transitions S0-S1, S0-S2, and S0-S3, respectively. From a qualitative 
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187 perspective, one can see that the HOMO and HOMO-1 isodensity surfaces exhibit broad 

188 electronic delocalization across the entire conjugated backbone of the molecule. In 

189 contrast, the HOMO-2 shows electronic density concentrated until the phenol site, with a 

190 negligible contribution from the benzoxazole ring. The LUMO, on the other hand, reveals 

191 a redistribution of electronic density, with a reduction in the NBu2 unit and an increase 

192 near the benzoxazole moiety. We can observe this pattern more clearly in the electron 

193 density difference plot depicted in Fig. 4b. Therefore, this displays that the electronic 

194 excitations (through qualitative analysis) involve a charge transfer between the electron-

195 donating group and the electron-accepting one. 

196

197
198 Figure 4 – a) Graphical representation of the molecular orbitals of the HBO-NBu2 obtained through QCC 
199 at the IEFPCM:TD-B3LYP/6-311++G(d,p) level with the respective energy difference between the orbitals 
200 and percentage contribution (contour threshold: 2 ⋅ 10―2 𝑎𝑢). b) Representation of the difference between 
201 the excited-state and ground one density (contour threshold: 8 ⋅ 10―4 𝑎𝑢) and c) Barycenter spatial regions 
202 of positive (𝑅+) and negative (𝑅―) charge.
203

204 To quantify the ICT process, we determined the difference between the permanent 

205 dipole moment of the excited state and the ground one (|Δ𝜇|) using the Le Bahers metric 

206 and the Lippert-Mataga equation38–40. First, Fig. 4c shows that the centroids of positive 

Page 7 of 21 Journal of Materials Chemistry C



207 and negative charge (𝑅+ and 𝑅―) do not exactly coincide with the electron-donating and 

208 -accepting group positions (NBu2 and benzoxazole, respectively), showing a 

209 displacement relative to them. Nevertheless, the effective charge displacement length (

210 𝐷𝐶𝑇) is 5.7 Å, indicating a considerable separation between the centroids, with a 

211 transferred charge (𝑞𝐶𝑇) of 0.7 |𝑒―|. The 𝑞𝐶𝑇 and 𝐷𝐶𝑇 values resulted in a |Δ𝜇| of 17.5 𝐷. 

212 The experimental value of |Δ𝜇| obtained by the Lippert-Mataga equation (see Figs. SI1a, 

213 SI1b, and SI1c) is 13 ± 2 𝐷: a bit smaller compared to the theoretical one. Despite this 

214 slight difference, both results highlight a pronounced ICT character, comparable to that 

215 observed in some push-pull systems38,41.

216 All the above observations highlight the fact that the ESIPT process does not occur 

217 in HBO-NBu2 and that the observed fluorescence band only stems from the E* state with 

218 a strong ICT character. Further on, we provide a more detailed analysis of the excited-

219 state dynamics and present a possible explanation for this behavior. 

220

221 2.2. Femtosecond transient absorption spectroscopy

222 We performed femtosecond transient absorption (fs-TA) to investigate the 

223 excited-state dynamics of HBO-NBu2 in DCM. Figure 5a presents a TA signal color 

224 map obtained between ―1 and 550 ps under 400 𝑛𝑚 excitation. The spectrum reveals 

225 typical excited-state features in the 450 ― 750 𝑛𝑚 range (see also Fig. 5b). Immediately 

226 after the pump pulse, we observed a negative signal at ca. 500 𝑛𝑚 associated with 

227 stimulated emission (SE). We also identified two additional excited-state absorption 

228 (ESA) signatures from S1, at approximately 560 𝑛𝑚 and 675 𝑛𝑚, with the higher-energy 

229 ESA exhibiting the highest absorption amplitude.

230 Analyzing the TA trace at different delay times, we observed that the higher-

231 energy ESA band undergoes a blue shift of ca. 25 𝑛𝑚 (0.11 𝑒𝑉, going to ca. 535 𝑛𝑚) 

232 and a reduction in absorption in the first few picoseconds after excitation (Fig. 5b). This 

233 shift causes significant overlap with the SE band, completely suppressing it. This effect 

234 occurs due to the smaller SE cross-section compared to ESA cross-section. We attribute 

235 the blue shift to the coaction of two effects: vibrational cooling and solvation31,42. Finally, 

236 the absorption amplitude remained nearly constant at longer delay times within our 

237 observation window.

238
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239
240 Figure 5 – a) Transient absorption signal color map and b) Transient absorption spectral trace for different 
241 delay times, along with absorbance and fluorescence spectra (in arbitrary scale). c) Decay-associated 
242 difference spectra of the decay components. d) Transient absorption temporal trace at 530 𝑛𝑚 and 510 𝑛𝑚.
243

244 The data global analysis revealed three spectral components in the decay-

245 associated difference spectra (DADS) (see Fig. 5c), with time constants of 1.4 𝑝𝑠, 6.9 𝑝𝑠, 

246 and 2.5 𝑛𝑠. As shown in Fig. 5d, at the initial instants, the temporal trace at ca. 510 𝑛𝑚 

247 exhibits rapid growth dynamics with a time constant of 1.4 𝑝𝑠, while at 530 𝑛𝑚, the 

248 decay dynamics occurs on the same timescale.  As mentioned earlier, we associate this 

249 evolution with vibrational cooling and solvation effects, which is in line with previously 

250 described studies31,42,43. After the first few picoseconds, one can observe two decay 

251 dynamics at 530 𝑛𝑚, with time constants of 6.9 𝑝𝑠 and 2.5 𝑛𝑠. At 510 𝑛𝑚, the slower 

252 component predominates the dynamics. We attribute the 6.9 𝑝𝑠 time constant to the 

253 process of structural relaxation of the molecule in the excited state, while the 2.5 𝑛𝑠 

254 component, whose DADS spectrum resembles the TA spectrum, corresponds to the 

255 excited-state lifetime, which, in this case, is the same as 𝜏fl. Furthermore, the absence of 

256 sub-picosecond dynamics (0.3 ― 0.6 𝑝𝑠) corroborates the assumption that the HBO-

257 NBu2 does not undergo ESIPT process30,44–46. 
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258 To better understand this behavior, we analyzed the charge density plot in Fig. 4b, 

259 which revealed that after electronic excitation, an increase in charge density is observed 

260 on the heterocyclic nitrogen atom, making it more basic in the excited state. In contrast, 

261 the hydroxyl group exhibits only a small green lobe, suggesting that its acidity does not 

262 drastically change in the excited state. This behavior contrasts with what we observe in 

263 typical ESIPT systems. Munch et al.33 conducted a thorough study on a series of 

264 benzazoles similar to HBO-NBu2. They demonstrated that, in the HBO series, the 

265 hydroxyl group acidity remains almost unchanged during the electronic transition in 

266 DCM, resulting in the complete suppression of the ESIPT process in this series, which is 

267 in agreement with our observation. We attribute this suppression to the functionalization 

268 of the HBO core at the meta position relative to the hydroxyl group, resulting in a less 

269 centered electronic delocalization in the core ESIPT and, consequently, disfavors proton 

270 transfer. Indeed, Massue et al.47 and Xu et al.48 demonstrate that functionalizing the HBO 

271 core at the para position (relative to the hydroxyl group) promotes the ESIPT process. 

272 Furthermore, in linear push-pull systems such as HBO-NBu2, ESIPT can be fine-tuned 

273 by modifying the nature of the heterocycle — replacing the oxygen atom with nitrogen 

274 or sulfur — and adjusting the strength of the electron-donating group33.

275 Our results highlight several key points about HBO-NBu2. In the excited state, 

276 the molecule undergoes significant ICT. Due to the extended π-conjugation, the electronic 

277 delocalization in the excited state is less centered on the ESIPT core, disfavoring the 

278 proton transfer process. Consequently, we observe solely the enol excited state (E* 

279 transition). This behavior can also influence the pathway for the generation of radicals. 

280 Durko-Maciag et al.15 suggest that radicals in their HBO derivatives form in the excited 

281 keto K* state. By extrapolating this hypothesis to HBO-NBu2, we can expect radical 

282 formation to occur in the enol-excited state without needing a prior ESIPT process.

283

284 2.3. Multiphoton absorption and multiphoton photopolymerization

285 Figure 6a presents the 1- and 2PA spectra of HBO-NBu2. We determined 𝜎2𝑃𝐴 

286 in the range of 500 to 900 𝑛𝑚, while 𝜎3𝑃𝐴 was measured at 1030 𝑛𝑚, employing the 

287 absolute MPEF technique. The analysis of the fluorescence intensity dependence versus 

288 the excitation power (Fig. 6b) reveals slopes of 2.1 ±  0.2 and 2.9 ±  0.3 on a 

289 logarithmic scale for excitation at 800 𝑛𝑚 and 1030 𝑛𝑚, respectively, confirming the 2- 

290 and 3PA nature. The good agreement between the fluorescence emission spectrum 
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291 obtained from multiphoton and one-photon excitation, as evidenced in the inset of Fig. 

292 6b, confirms the pure nature of the fluorescence.

293

294
295 Figure 6 – 2PA (blue circles: right and top axis) and 1PA (black line: left and bottom axis) spectra of the 
296 HBO-NBu2 molecule in DCM. The light blue line is a visual guide, while the light blue hatched area 
297 represents the error dispersion of approximately 20%. b) Fluorescence emission signal as a function of 
298 excitation power (log-log scale). The blue dots and red squares represent excitation at 800 and 1030 𝑛𝑚, 
299 respectively. The dashed lines are the linear fit. The inset in b) displays the fluorescence emission spectrum 
300 obtained for excitation at 400, 800, and 1030 𝑛𝑚.
301

302 The 2PA spectrum exhibits a spectral structure very similar to the 1PA one, which 

303 can be attributed to the relaxation of the dipole selection rule due to the Acceptor-π-Donor 

304 dipolar structure49. We observed the highest 𝜎2𝑃𝐴 at ca. 590 and 790 𝑛𝑚, with values of 

305 approximately 90 ±  20 𝐺𝑀 and 80 ±  20 𝐺𝑀, respectively. For excitation at 1030 𝑛𝑚, 

306 𝜎3𝑃𝐴 was (4 ±  1) ⋅ 10⁻⁸¹ 𝑐𝑚⁶ (𝑠/𝑝ℎ𝑜𝑡𝑜𝑛)² (see Table 2). These results indicate a 

307 considerable nonlinear response of HBO-NBu2, which we attribute to its significant ICT 

308 and high structural planarity, that leads to an increase in its polarizability. It is worth 

309 highlighting that the MPA of the molecule aligns well with the central wavelengths of 

310 two widely used femtosecond laser generations: Ti:Sapphire and Yb:KGW. This 

311 alignment makes the HBO-NBu2 even more promising for practical applications.

312

313 Table 2 – Nonlinear photophysical properties of HBO-NBu2 and other photoinitiators. The presented 
314 properties include the solvent used, the 2PA cross-section (𝜎2𝑃𝐴) at different excitation wavelengths, and 
315 the 3PA cross-section (𝜎3𝑃𝐴) at 1030 𝑛𝑚.

Sample solvent 𝜎2𝑃𝐴
530  (𝐺𝑀)∗ 𝜎2𝑃𝐴

800  (𝐺𝑀)∗ 𝜎3𝑃𝐴
1030 × 10―81𝑐𝑚6 𝑠 𝑝ℎ𝑜𝑡𝑜𝑛

2

HBO-NBu2 DCM 70 ± 10 80 ± 20 4 ± 1

Lucirin TPO-La Ethanola n.d. 0.05a n.d.

Irgacure OXE01b Methanolb n.d. 2.8b n.d.

ITXb Methanolb n.d. 1.9b n.d.
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BDEBPc 1-propanolc n.d. 6.0c n.d.

DEDCd trichloromethaned n.d. 29.5d n.d.

316 * 1 𝐺𝑀 = 1 ⋅ 10―50𝑐𝑚4𝑠/𝑝ℎ𝑜𝑡𝑜𝑛. a, b, c, and d Previously reported by Mendonça et al.50, Schafer et al.12, 
317 Nazir et al.51, and Li et al.13, respectively.

318

319 Comparing the results obtained for HBO-NBu2 with those from other studies, we 

320 observed that its 𝜎2𝑃𝐴 is comparable to that of various PIs. For instance, common UV PIs 

321 exhibit 𝜎2𝑃𝐴 values ranging from 0.05 to 29.5 𝐺𝑀 at 800 𝑛𝑚 (see Table 2). These results 

322 indicate that HBO-NBu2 displays a 2PA that is, on average, 10 times higher than these 

323 UV PIs. Compared with compounds of the same class as HBO-NBu2, Durko-Maciag et 

324 al.15 reported maximum values between 2.3 to 26 𝐺𝑀 for HBO-based photoinitiators at 

325 532 𝑛𝑚, within the region of higher 2PA; this would yield much smaller values at 800 

326 nm. In a study by Otuka et al.11, the authors reported  𝜎2𝑃𝐴 ranging from 47 to 750 𝐺𝑀 

327 at 790 𝑛𝑚 for azoaromatic-based PIs. However, it is worth highlighting that 750 𝐺𝑀 

328 values are in the region of resonant enhancement and do not represent pure 2PA 

329 processes. It is worth mentioning recent studies in which quadrupolar and octapolar 

330 molecules are specially designed to exhibit a high 𝜎2𝑃𝐴, reaching hundreds of GM at 800 

331 nm5,52.

332 After determining the MPA of the HBO-NBu2, we investigated its efficiency as a 

333 two- and three-photon PI. There are various methods to evaluate the efficiency of PIs; in 

334 this study, we chose to fabricate 3D structures and, from that, determine the 2PP threshold 

335 fluence for different concentrations of HBO-NBu2, in a mixture with two acrylic resins, 

336 ethoxylated(6)trimethylolpropane triacrylate (SR499 – Sartomer) and tris(2-

337 hydroxyethyl)isocyanurate triacrylate (SR368 – Sartomer) (Fig. SI2), employed in equal 

338 mass proportions. We define the threshold fluence as the minimum energy required to 

339 initiate the photopolymerization process. For 3PP, we investigated the process only at the 

340 maximum concentration.

341
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342
343 Figure 7 – Threshold fluence curve versus the mass concentration of the HBO-NBu2 molecule (𝑤𝑡%) 
344 mixed with acrylic resins. The shaded area indicates different behaviors of the threshold fluence curve. 𝐼∘ 
345 represents the peak intensity range used.
346

347 In Fig. 7, we present the threshold fluence ranging from 0.002 to 0.006 𝐽/𝑐𝑚2 (

348 0.075 to 0.18 𝑛𝐽) for different concentrations of HBO-NBu2, which we used in the range 

349 between 0.01 and 0.08 𝑤𝑡%. The threshold fluence curve displays two distinct regions. 

350 The first region, characterized by an almost linear behavior, shows that the threshold 

351 fluence rapidly decreases as the concentration of HBO-NBu2 increases, up to 

352 approximately 0.05 𝑤𝑡%. In the second region, we observe a threshold fluence saturation 

353 at 0.024 𝐽/𝑐𝑚2, regardless of further concentration increases (0.07 ― 0.08 𝑤𝑡%). 

354 Regarding 3PP, we observed that the threshold fluence at maximum concentration was 

355 approximately 0.20 𝐽/𝑐𝑚2 (6.0 𝑛𝐽).

356 Comparing our results of 2PP to HBO-based photoinitiators, we observed that 

357 HBO-NBu2 can initiate photopolymerization with 4800 times lower energy per pulse and 

358 38 times lower concentration15. The difference is less pronounced for azoaromatic-based 

359 photoinitiators, with HBO-NBu2 requiring 8 times lower energy per pulse and 12 times 

360 lower concentration11. Finally, compared to the photoinitiator Lucirin TPO-L, a highly 

361 efficient UV compound, the energy per pulse becomes similar, although Lucirin TPO-L 

362 requires a 38 times higher concentration53. Regarding 3PP, the first demonstration 

363 employed an organic-inorganic hybrid platform and showed excellent 3PP capability14. 

364 Although the scope of the study was not on the relation between the PI concentration and 
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365 3PP threshold, the authors showed polymerized high-resolution structures with 7.5 less 

366 energy per pulse than in our work. This result indicates a notable efficiency of HBO-

367 NBu2 as a two- and three-photon PI, even at low concentrations, aligning with the central 

368 wavelengths of widely used femtosecond lasers (Ti:Sapphire and Yb:KGW).

369 Finally, Fig. 8 shows images of the microfabricated structures using 2PP and 3PP. 

370 The qualitative analysis reveals the high quality of these structures, allowing us to 

371 fabricate lines with a resolution of up to 560 𝑛𝑚 (Figure 8d). We believe achieving even 

372 smaller resolution is possible, as Farsari et al.14 demonstrated through 3PP. Due to the 

373 high 𝜙fl of HBO-NBu2, only a fraction of molecules forms free radicals, consequently 

374 initiating photopolymerization. The remaining molecules preserve their photophysical 

375 properties (within the fabricated structure), which gives the microfabricated structures an 

376 intrinsic fluorescence emission, as observed in the confocal fluorescence microscopy 

377 shown in Fig. 8e-g. 

378

379
380 Figure 8 – Scanning electron microscopy images of the microstructures fabricated by a,b) 2PP and c) 3PP. 
381 d) Atomic force microscopy image of the microstructure by 2PP, whose profile trace showed an FWHM of 
382 460 and 660 nm. Confocal fluorescence microscopy image (excitation beam at 440 𝑛𝑚) of the 
383 microstructures d-e) from 2PP and f) from 3PP.
384

385 3. CONCLUSION

386 In summary, we determined the linear photophysical properties, excited-state 

387 dynamics, and multiphoton absorption process of HBO-NBu2 in DCM. We obtained 

388 𝜎2𝑃𝐴 and 𝜎3𝑃𝐴 using MPEF techniques, while fs-TA spectroscopy allowed us to 

389 investigate the excited-state dynamics. Finally, based on the significant absorption cross-

390 section values obtained, we evaluated the suitability of HBO-NBu2 as a PI for MPP.
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391 We demonstrated that HBO-NBu2 exhibits strong 1PA in the range of 

392 250 ― 450 𝑛𝑚, consistent with the results from QCC. The molecule presents 

393 fluorescence emission at 508 𝑛𝑚, with a 𝜙fl of 62% and a 𝜏fl of 2.5 𝑛𝑠. We observed a 

394 considerable Stokes shift attributed to substantial ICT in the excited state, as indicated by 

395 |Δ𝜇01|. The dynamics of the excited state revealed two fast time constants associated with 

396 vibrational cooling, solvation, and structural relaxation processes. We did not identify 

397 any sub-picosecond time scale components, indicating that the ESIPT process in the 

398 excited state of HBO-NBu2 is entirely suppressed despite a strong intramolecular 

399 hydrogen bond (𝐻 ― 𝑂⋯𝑁). In this context, the hydrogen bond acts as a lock, which, 

400 along with the ethynyl unit, provides high planarity to the molecular structure, positively 

401 impacting the dynamics of the excited state and the MPA process. The HBO-NBu2 

402 molecule exhibits 𝜎2𝑃𝐴 and 𝜎3𝑃𝐴 of 80 𝐺𝑀 (790 𝑛𝑚) and 

403 4 ±  1 ⋅ 10⁻⁸¹ 𝑐𝑚⁶ (𝑠/𝑝ℎ𝑜𝑡𝑜𝑛)² (1030 𝑛𝑚), respectively, surpassing the values 

404 observed in widely used UV PIs. Finally, we confirmed the viability of HBO-NBu2 as a 

405 PI for 2PP and 3PP by fabricating microstructures with inherent emissive properties. 

406 Overall, these findings establish the HBO-NBu2 molecule as a promising PI for MPP, 

407 highlighting its exceptional photophysical properties and potential for advanced 

408 applications in microfabrication.

409

410 4. EXPERIMENTAL DETAILS

411 In the Supplementary Information (SI) section, we describe all the details about 

412 the measurements performed, the equipment used, and the procedures for the quantum 

413 chemical calculations.

414

415 Supporting information description

416 Section SI1 describes the procedures for measuring linear photophysical 

417 properties, including one-photon absorption, fluorescence emission, fluorescence 

418 quantum yield, solvatochromism, and excitation anisotropy. In SI2, we detail the 

419 multiphoton-excited fluorescence technique to measure two- and three-photon 

420 absorption. SI3 presents the femtosecond transient absorption technique, while SI4 

421 covers fluorescence lifetime measurement. In SI5, we address the quantum chemical 

422 calculation procedures and the results obtained, such as equilibrium geometry and 
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423 electronic transition properties. Finally, SI6 describes the methodology and procedures 

424 for multiphoton polymerization, and SI7 lists the references.
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