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19 ABSTRACT

20

21 Fluorene-based molecules present significant nonlinear optical responses, multiphoton 

22 absorption in the visible, which, combined with the high fluorescence quantum yield in 

23 organic solvents, could make this class of materials potentially engaging in diverse 

24 photonics applications. Thus, herein, we have determined the two-photon absorption 

25 (2PA) of oligofluorenes containing three, five, and seven repetitive units by employing 

26 the wavelength-tunable femtosecond Z-scan technique. Our outcomes have shown that 

27 the 2PA cross-section in oligofluorenes presents an enhanced value of around 18 GM 

28 per Neff, in which Neff is the effective number of π-electrons, for the pure 2PA allowed 

29 transition (11Ag-like→21Ag-like). Furthermore, a weak 2PA transition was observed in 

30 the same spectral region strongly allowed by one-photon absorption (11Ag-like→11Bu-

31 like). This last result suggests a molecular symmetry perturbation, probably induced by 

32 the molecular disorder triggered by the increase of moieties in the oligofluorene 

33 structure. We have calculated the permanent dipole moment difference related to the 

34 lowest-energy transition using the Lippert-Mataga formalism and the 2PA sum-over-

35 states approach to confirm this assumption. Moreover, we have estimated the 

36 fundamental limits for the 2PA cross-section in oligofluorenes. 

37

38 Keywords: oligofluorenes, fluorene, organic dyes, nonlinear optics, two-photon 

39 absorption.

40
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41

42 1. INTRODUCTION

43 Organic photonics has been an emerging field in both pure and applied science 

44 due to the extensive synthesis investigation of organic compounds that pursue optimal 

45 optical, electrical, and chemical stability properties.1-3 Among the enormous variety of 

46 organic molecular structures, aromatic polymers, at least the more stable ones, such as 

47 polyfluorenes, have become extremely popular for photonics applications. 4-6 For 

48 example, polyfluorenes derivatives can be used as 2PA photoinitiators (2PP) due to 

49 their high two-photon absorption (2PA) cross-section.7 Still, they also can be employed 

50 to develop all-plastic, full-color, light-emitting diodes. 8-13 

51 Oligofluorenes and its derivatives have a high fluorescence quantum yield, 

52 thermal and photochemical stability combined with a large ground-, excited-state, and 

53 multiphoton absorption.14-17 These features allied to the superior quality film formation 

54 make fluorene molecules excellent candidates for the fabrication of nonlinear optical 

55 devices. Although the oligofluorene's nonlinear optical response was widely studied in 

56 the past, the outcomes were achieved by using the nanosecond laser.18-21 Therefore, 

57 there is a gap in the literature, regarding a complete 2PA spectral analysis of 

58 oligofluorenes, particularly by using femtosecond pulses. In oligofluorenes, the 

59 behavior of the 2PA spectral shape and its magnitude as a function of the effective 

60 number of electrons (Neff) 22 could give the information of how much the polymeric 

61 chain needs to be increased to have a significant gain in the 2PA cross-section. That 

62 information should be gathered using ultra-short pulses (~ 160 fs) and low repetition 

63 rate (1 kHz) to avoid the contribution of thermal effects,23 and excited-state absorption 

64 (stepwise 2PA),24 which could mask the 2PA cross section final values. 
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65 Fortrie et. al.25 proposed a molecular engineering route to achieve a strong 2PA cross-

66 section and high transparency in the visible region for linear oligofluorenes.26 In that 

67 work, they used nanosecond-pulses-induced fluorescence technique and observed that 

68 the 2PA oscillator strength per monomer linearly increases as a function of the increase 

69 of monomers. On the other hand, in the same paper, the author used an analytical three-

70 energy excitonic model in order to interpret the found outcomes. According to this 

71 model, the 2PA oscillator strength per monomer tends to be constant for oligomers with 

72 monomer units higher than 2. Here, we have revisited such results by employing the 

73 wavelength-tunable femtosecond Z-scan technique.

74 Nonlinear optical phenomena are susceptible to molecular symmetry. For 

75 example, the second-order nonlinear optical response such as second-harmonic 

76 generation and hyper-Rayleigh scattering occurs only in noncentrosymmetric materials. 

77 Consequently, these nonlinear effects have been used as probes in several applications, 

78 including specific biomolecular interactions.27 In the same context, for 2PA, no such 

79 symmetry constraints exist: in centrosymmetric molecules, the electric-dipole selection 

80 rules for optical transitions have different parities: gerade-ungerade or vice-versa for 

81 one-photon and gerade-gerade or ungerade-ungerade for 2PA. 28, 29 Although the 

82 Fluorene molecule did not present an inversion center, it has a plane symmetry, leading 

83 to the electric-dipole selection rules. 30 Therefore, the fluorene molecule belongs to the 

84 well-defined symmetry point group C2v.31  According to the spectroscopic notation, the 

85 fluorene molecule has the ground-state 11Ag, the first one-photon allowed excited state 

86 with symmetry 11Bu and the second excited state of symmetry 21Ag strongly allowed by 

87 2PA.15, 30, 32 Some works have shown the intrinsic symmetry breaking perturbation in 

88 molecular systems or induced by interaction with solvent, electric field, temperature, 

89 and so on.33-36 However, to the best of our knowledge, the symmetry perturbation effect 
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90 on the 2PA properties of unsubstituted and linear oligofluorenes has not been reported 

91 yet.

92 Herein, we performed an extensive optical study taken into account linear 

93 absorption (1PA), fluorescence spectroscopy, solvatochromism as input data to help 

94 investigate and describe the 2PA spectral shape and its  magnitude as a function of 𝜎2𝑃𝐴

95 the Neff of the linear and unsubstituted oligofluorenes, designated by trifluorene, 

96 pentafluorene, and heptafluorene. The wavelength-tunable femtosecond Z-scan 

97 technique was employed to measure the 2PA cross-section spectrum for these 

98 molecules. In addition, the sum-over-states (SOS) approach was used to improve the 

99 2PA analysis. 

100 2. MATERIALS AND METHODS 

101

102 2.1 COMPOUNDS

103 The trifluorene and pentafluorene have been synthesized following the 

104 procedure developed by Anémian et. al.17, while the hepatafluorene was obtained 

105 according to Ref. 37. The molecular structures are shown in Figure 1. The three distinct 

106 oligofluorenes compounds are composed of three, five, and seven single fluorene 

107 moieties.

Figure 1: Molecular structures of the linear and unsubstituted oligofluorenes investigated in this work.
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108

109 2.2 LINEAR OPTICAL MEASUREMENTS

110 The trifluorene, pentafluorene, and heptafluorene molecules were dissolved in 

111 toluene at low concentrations: 5.5×10-6 M, 4.5×10-6 M, and 1.5×10-6 M, respectively. A 

112 commercial Shimadzu UV-Vis 1800 spectrophotometer was employed to determine the 

113 one-photon absorption (1PA) bands. Besides that, a commercial F-7000 Hitachi 

114 fluorescence spectrophotometer was used to determine the steady-state fluorescence. All 

115 linear optical measurements were recorded using 10-mm optical path quartz cuvettes. A 

116 detailed description regarding the equations and methods used with the linear optical 

117 measurements can be found in sections 1.1, 1.2, and 1.3 in the supplementary 

118 information (SI).

119

120 2.3 NONLINEAR OPTICAL MEASUREMENT

121 An optical parametric amplifier (OPA, Topas, Light Conversion) pumped by a 

122 pulse of 775 nm delivered by a Ti:Sapphire chirped-pulse amplifier laser system (CPA 

123 2001, Clark MXR) was used in the open-aperture Z-Scan technique 38 to measure the 

124 2PA spectra in the spectral range of 470-800 nm. 

125 The 2PA cross-section spectra ( ) were determined at a higher 𝜎2𝑃𝐴(𝜆)

126 concentration (~10-2 – 10-3 M) compared with the linear optical measurements and a 2-

127 mm optical path quartz cuvette was used instead of the 10-mm. The trifluorene, 

128 pentafluorene, and heptafluorene concentrations were 6.0×10-3M, 1.3×10-2 M, and 

129 9.4×10-3 M, respectively. More details about the Z-scan data analysis can be found in 

130 section 1.4 from the SI.

131

132 3. QUANTUM CHEMICAL CALCULATIONS
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133 The Gaussian 16 program package 39 was used to estimate the molecular cavity 

134 volume of all studied molecules in the toluene medium. The CAM-B3LYP/6-

135 311++G(2d,p)40 level of theory was used first to optimize the geometry and second to 

136 calculate the volume in toluene solvent medium employing a polarizable continuum 

137 model (PCM), using the integral equation formalism variant (IEF-PCM).41 The 

138 optimized geometries in cartesian coordinates are presented in Tables S1 and S2 in the 

139 SI. The surface type used to represent the solute-solvent boundary was the solvent 

140 excluding surface (SES).42 Also, we have calculated the cavity volume considering the 

141 Onsager-model (OM).43 Henceforth, the cavity volumes will be described as  and 𝑣𝑜𝑙𝑆𝐸𝑆

142  as the estimated volume obtained for all molecules, via SES and OM approaches, 𝑣𝑜𝑙𝑂𝑀

143 respectively. Both volumes are shown in Table 1 and were used as an input parameter to 

144 calculate the permanent electric dipole moment between the ground and the first excited 

145 state.

146

147 4. RESULTS AND DISCUSSION 

148 Figure 2 exhibits the ground-state absorption and fluorescence spectra of the 

149 three studied molecules. It is possible to observe that all molecules present 1PA bands 

150 in the ultra-violet (UV) region, in a range that covers 300 – 400 nm. Besides that, the 

151 three molecules present fluorescence emission in the UV-visible region, in a spectral 

152 range from 370 – 525 nm containing a vibrational progression for all molecules. 

153 Trifluorene, pentafluorene and heptafluorene present molar absorptivity peaks of 

154 5.8×104 M-1cm-1 at 350 nm, 8.6×104 M-1cm-1 at 360 nm, and 16.3×104 M-1cm-1 at 370 

155 nm, respectively. It is noted that the molar absorptivity peak increase 1.5 times 

156 considering the trifluorene and pentafluorene molecules  and increase 1.9 (𝜀𝑝𝑒𝑛𝑡𝑎

𝜀𝑡𝑟𝑖
= 1.5)
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157 times considering the pentafluorene and heptafluorene molecules . (𝜀ℎ𝑒𝑝𝑡𝑎

𝜀𝑝𝑒𝑛𝑡𝑎
= 1.9)

158 Moreover, it is also possible to observe that the increase of the monomer units (fluorene 

159 moieties) in the investigated oligomers creates a bathochromic shift in the spectral 

160 position of the absorption band maxima, i.e., the trifluorene has its maximum at 350 nm 

161 (3.54 eV), pentafluorene at 360 nm (3.44 eV), and heptafluorene at 370 nm (3.35 eV), 

162 as previously observed in Ref. 17. Such behavior can be explained by considering the 

163 increase of π-electrons. 

164
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165 Figure 2: Molar absorptivity (black lines) and fluorescence spectra (red lines) of the oligofluorenes 

166 studied in this work (trifluorene, pentafluorene and heptaflurene).

167

168 The energies corresponding to these wavelengths are the energies with a higher 

169 probability to promote an electronic transition from the ground-state (11Ag) to the first 

170 excited state (11Bu). 32 A transition 11Ag-like→11Bu-like can be quantified by evaluating 

171 the transition dipole moment , expressed in Debye units. The evaluation of the 𝜇01 𝜇01 

172 three oligofluorenes was obtained in the SI, and the results are  for 8.5 ±  0.9 𝐷

173 trifluorene,  for pentafluorene, and  for heptafluorene. It is 11.3 ±  1.1 𝐷 14.1 ±  1.4 𝐷

174 observed that  increases 1.33 times considering pentafluorene and trifluorene 𝜇01

175 molecules;  increases 1.25 times considering heptafluorene and pentafluorene 𝜇01

176 molecules. In this way, it is possible to say that the molecules exhibit a very similar 

177 increase rate considering the  values, or in other words, . 𝜇01
𝜇01𝑝𝑒𝑛𝑡𝑎

𝜇01𝑡𝑟𝑖
≅

𝜇01ℎ𝑒𝑝𝑡𝑎

𝜇01𝑝𝑒𝑛𝑡𝑎

178 The effective number of electrons ( ) of any oligomer is an important 𝑁𝑒𝑓𝑓

179 parameter, in particular, if it will be used to normalize some spectroscopic parameters, 

180 such as , , and . This parameter can be calculated using Eq. 1, 22 in which  𝜇01 Δ𝜇01 𝜎2𝑃𝐴 𝑛𝑖

181 is the number of π-electrons of each π-conjugated part of the molecule.

𝑁𝑒𝑓𝑓 = ∑
𝑖

𝑛𝑖
2

(1).

182 In this particular study, each monomer, i.e., the single fluorene moiety, has 12 π-

183 electrons. Thus, calculating , the trifluorene presents , the 𝑁𝑒𝑓𝑓 𝑁𝑒𝑓𝑓 = 3𝑥122 = 20.78

184 pentafluorene presents , and the heptafluorene presents 𝑁𝑒𝑓𝑓 = 5𝑥122 = 26.80 𝑁𝑒𝑓𝑓 =

185 . Considering the values of  as well as the  of each molecular 7𝑥122 = 31.74 𝜇01 𝑁𝑒𝑓𝑓

186 structure, it is possible to see that there is a contribution of about 0.4 D per  (𝑁𝑒𝑓𝑓
𝜇01𝑡𝑟𝑖

𝑁𝑒𝑓𝑓𝑡𝑟𝑖

187 , , and ).= 0.40
𝜇01𝑝𝑒𝑛𝑡𝑎

𝑁𝑒𝑓𝑓𝑝𝑒𝑛𝑡𝑎
= 0.42

𝜇01ℎ𝑒𝑝𝑡𝑎

𝑁𝑒𝑓𝑓ℎ𝑒𝑝𝑡𝑎
= 0.44
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188 The results of solvatochromic measurements and the linear fittings obtained 

189 through the Lippert-Mataga equation, aiming the  determination, are exhibited in 𝛥𝜇01

190 the SI (section 1). The  values for trifluorene, pentafluorene, and heptafluorene 𝛥𝜇01

191 were estimated by using two-cavity volumes (  and ):  and . As 𝑣𝑜𝑙𝑆𝐸𝑆 𝑣𝑜𝑙𝑂𝑀 Δ𝜇𝑆𝐸𝑆
01 Δ𝜇𝑂𝑀

01

192 shown in Table 1, the  values, for all compounds, calculated by using two different 𝛥𝜇01

193 cavity volumes revealed a difference of around 30%, still inside the margin of error 

194 associated to the . From the theoretical point of view, the fluorene has a symmetry 𝛥𝜇01

195 plane and, therefore, the difference between the static dipole moment from the first 

196 excited and ground state is minimal (Δµ=0.29 D). However, our outcomes show that 

197 , regardless of being estimated using SSE or OM cavity approaches, is 𝛥𝜇01

198 considerably higher for the oligofluorenes than the fluorene molecule and, more 

199 important, such molecular parameter increases as a function of the increase of Neff. This 

200 result indicates that we have molecular conformations in solution with different 

201 symmetry levels due to the increase of fluorene moieties. Indeed, symmetrical fluorene 

202 molecules with strong electronic-vibrational coupling present a double-minimum 

203 excited state energy surface, i.e., symmetrical and unsymmetrical electronic distribution. 

204 14, 44 In this case, the unsymmetrical electronic distribution generates a higher  𝛥𝜇01

205 value. Aiming at a better comparison between the determined linear optical parameters 

206 of each studied molecule, Table 1 shows the values of , , , , , 𝜇01 Δ𝜇𝑂𝑀
01 𝑣𝑜𝑙𝑂𝑀  Δ𝜇𝑆𝐸𝑆

01 𝑣𝑜𝑙𝑂𝑀

207 , and  (Solvatochromic Stokes shift, which can be found in SI).Δ𝜇𝑂𝑀
01 𝑑𝜈 𝑑𝐹

208 Table1: Spectroscopic parameters obtained by 1PA and QCC(i) for trifluorene, pentafluorene and 
209 heptafluorene molecules.

𝝁𝟎𝟏 (𝑫) 𝜟𝝁𝑶𝑴
𝟎𝟏 (𝑫)  𝒗𝒐𝒍𝑶𝑴 (𝑨𝟑)(𝒊) 𝜟𝝁𝑺𝑬𝑺

𝟎𝟏 (𝑫)
𝒗𝒐𝒍𝑺𝑺𝑬 

 (𝑨𝟑)(𝒊)  
𝒅𝝂
𝒅𝑭(𝒄𝒎 ―𝟏)

Trifluorene 8.5 ± 0.9 3.5 ± 1.1 1032.5 2.9 ± 0.9 682.6 -252 ± 191

Pentafluorene 11.3 ± 1.1 4.5 ± 1.3 1570.0 3.9 ± 1.1 1113.1 -275 ± 186

Heptafluorene 14.1 ± 1.4 5.8 ± 1.6 2447.4 4.6 ± 1.3 1554.1 -286 ± 180
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210

211 The open-aperture Z-scan technique was used to obtain the 2PA as a function of 

212 the excitation wavelength (470-800 nm). Figure 3 presents the 2PA spectra (black 

213 circles) for trifluorene, pentafluorene, and heptafluorene.

214
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215 Figure 3: Molar absorptivity (black lines) and 2PA cross section (red circles) fitted by the SOS method 

216 (red lines).

217 It is observed that all molecules show two 2PA bands in a visible-IR spectral region. 

218 The highest energy 2PA band is localized in a spectral range from 520-700 nm for all 

219 samples, where the maximum  magnitude can be found approximately at 610 nm 𝜎2𝑃𝐴

220 for all molecules. As expected, the highest  is found for the heptafluorene (~ 810 𝜎2𝑃𝐴

221 GM), while the pentafluorene presents a  value of 550 GM, and the lowest  𝜎2𝑃𝐴 𝜎2𝑃𝐴

222 value of c.a. 360 GM is obtained for the trifluorene. The efficient 2PA cross-section in 

223 this wavelength range evaluated for every compound can be attributed to the high 

224 electronic delocalization at the excited state of fluorene-based molecules.11, 45 This 

225 transition can reach thousands of GM in oligofluorenes18, 25 and poly(fluorene) 

226 derivatives.46-49 Interesting to say that the  peak for poly(fluorene) derivatives 𝜎2𝑃𝐴

227 occurs at the same energy value as those observed in oligofluorenes (monomers units 

228 higher than 2), which is c.a. 2.03 eV (~ 610 nm). These results suggest that the nature of 

229 the higher-energy 2PA transition is intrinsically related to the fluorene molecular 

230 structure. On the other hand, in the NIR spectral region (~700-800 nm), a weak 2PA 

231 band is noticed, as one could check in the inset of Figure 3. Such transition has never 

232 been experimentally observed previously for these molecules. This 2PA band seems to 

233 be centered between 700-740 nm, approximately half of the energy needed to reach the 

234 lowest-energy 1PA allowed band, corresponding to the 1Ag-like →1Bu-like transition. 

235 Herein, the bathochromic shift obtained for the 2PA spectra was analogous to those 

236 observed in the one-photon absorption spectra. The magnitude recorded for this 𝜎2𝑃𝐴 

237 lower energy transition (25-59 GM) is one order of magnitude lower than its higher 

238 energy analog. The existence of this band confirms the symmetry perturbation, 50 

239 corroborating the data from the Lippert-Mataga equation. In general, but not as a rule, 

240 slight distortion in the molecular structure of the chromophore caused by solvent, 
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241 electric field, temperature, and so on can generate symmetry perturbation that 

242 contributes to the lowest-energy 2PA band weak intensity. 33, 34 Finally, all molecules 

243 exhibit the intermediate state resonance enhancement effect in the 2PA transitions for 

244 wavelengths lower than 520 nm. Such effect occurs as the excitation photon energy 

245 approaches from the first one-photon allowed excited state and its magnitude depending 

246 on the several molecular parameters. 51 

247 Take into account only the higher-energy 2PA band, the trifluorene, 

248 pentafluorene, and heptafluorene molecules present maximum  at ~610 nm with a 𝜎2𝑃𝐴

249 value of 360 GM, 552 GM, and 810 GM, respectively. For the 2PA cross-section related  

250 to the higher-energy transition, it is noted that there is an increase in  of about 1.5 𝜎2𝑃𝐴

251 times considering pentafluorene and trifluorene molecules ( ), in 
𝜎2𝑃𝐴(610 𝑛𝑚)𝑝𝑒𝑛𝑡𝑎

𝜎2𝑃𝐴(610 𝑛𝑚)𝑡𝑟𝑖
= 1.53

252 the same way, there is an increase in the  of about 1.5 times considering 𝜎2𝑃𝐴(610 𝑛𝑚)

253 heptafluorene and pentafluorene molecules ( ). Performing a 
𝜎2𝑃𝐴(610 𝑛𝑚)ℎ𝑒𝑝𝑡𝑎

𝜎2𝑃𝐴(610 𝑛𝑚)𝑝𝑒𝑛𝑡𝑎
= 1.47

254 parallel between the molecules  values and the  of each molecule, It 𝜎2𝑃𝐴(610 𝑛𝑚) 𝑁𝑒𝑓𝑓

255 is observed that ,  and 
𝜎2𝑃𝐴(610 𝑛𝑚)𝑡𝑟𝑖

𝑁𝑒𝑓𝑓𝑡𝑟𝑖
= 17.3 𝐺𝑀

𝜎2𝑃𝐴(610 𝑛𝑚)𝑝𝑒𝑛𝑡𝑎

𝑁𝑒𝑓𝑓𝑝𝑒𝑛𝑡𝑎
= 18.3 𝐺𝑀

𝜎2𝑃𝐴(610 𝑛𝑚)ℎ𝑒𝑝𝑡𝑎

𝑁𝑒𝑓𝑓ℎ𝑒𝑝𝑡𝑎

256 . Here, we have normalized concerning the trifluorene molecule the = 20.2 𝐺𝑀

257 resonance enhancement effect, which strongly contributes to the higher-energy 2PA 

258 transition, as will be shown later. Thus, taking into account the experimental error 

259 (around 20%) there is a contribution of about 18 GM per  in  for the higher-𝑁𝑒𝑓𝑓 𝜎2𝑃𝐴

260 energy 2PA transition. In fact, our outcomes show that the 2PA cross-section per 

261 monomer (for example) is almost constant as a function of the increase of monomers 

262 number in accordance with the three-energy excitonic model described in Ref. 25. 

263 As shown, the 1PA and 2PA allowed transition for the unsubstituted and linear 

264 fluorene molecules are related only to the energy levels; 11Ag-like (ground-state), 11Bu-
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265 like (strongly 1PA allowed), and 21Ag-like (strongly 2PA allowed). In this case, to shed 

266 more light on the description of the , we can employ the SOS approach considering 𝜎2𝑃𝐴

267 a few energy levels. For the higher-energy 2PA band, we can consider a three-level 

268 energy system that consists of the ground-state (11Ag-like), one intermediate 1PA 

269 allowed excited state (11Bu-like), and the 2PA allowed final excited state (21Ag-like). 

270 Thus, the  assuming linearly polarized light and that the dipole moments are 𝜎2𝑃𝐴

271 parallel as: 

𝜎(2𝑃𝐴)
0→2 (𝜔) =

2
5

(2𝜋)5

(𝑛ℎ𝑐)2𝐿4 𝑅(𝜔) |𝜇01|2 |𝜇12|2 𝑔02(2𝜔) (2)

272 in which  and  are the excitation laser and first electronic transition frequencies, 𝜔 𝜔01

273  is the transition dipole moment between the excited states , and |𝜇01|2 |1𝐵𝑢⟩→ |2𝐴𝑔⟩ 𝑅

274 is the resonance enhancement factor.  is the full-(𝜔,𝜔01) = 𝜔2

(𝜔01 ― 𝜔)2 + Γ2
01(𝜔) Γ

275 width at half maximum considering the Gaussian line-shaped. This parameter can be 

276 determined from the lowest-energy absorption band (Figure 2). We have found 𝑅

277  for trifluorene,  for (610 𝑛𝑚,350 𝑛𝑚) = 1.63 𝑅(610 𝑛𝑚,360 𝑛𝑚) = 1.83 

278 pentafluorene and for heptafluorene. Eq. 2 describes the 𝑅(610 𝑛𝑚,370 𝑛𝑚) = 2.05 

279  for noncentrosymmetric molecules, in which the lowest-energy 2PA transition is 𝜎2𝑃𝐴

280 much weaker than the higher-energy transition. In this case, the factor 
|𝜇01||𝜇12|

(𝜔01 ― 𝜔) + 𝑖Γ ≫

281  dominates the 2PA allowed transition.52 The red line in Fig. 3 illustrates the 
|𝜇02||Δ𝜇02|

𝜔

282 2PA fitting using Eq. 2, while Table 2 gathered the spectroscopic data. The only adjust 

283 parameter in Eq. 2 is the  that describes the amplitude of the 2PA band. All the |𝜇12|

284 other parameters can be obtained from the 1PA spectrum. The high  values |𝜇12|

285 obtained are in accordance with the large excited-state absorption reported for the 

286 fluorene-based molecules reported in Refs. 46, 53, 54. It is also observed that, contrary to 
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287 all-optical determined parameters,  presents a decrease according to the fluorene |𝜇12|

288 moiety insertion. Such behavior can be explained because the increase of moieties 

289 favors the lowest-energy 2PA transition in detriment to the higher-energy 2PA 

290 transition due to the disturbance of molecular symmetry, as pointed out by the 

291 solvatochromic measurements. In general, strongly 2PA allowed transitions are weakly 

292 allowed by 1PA and vice-versa.34 

293 In this same context, we have assumed a two-energy level system for the lowest 

294 energy 2PA band located at 700-800 nm (11Ag-like →11Bu-like). In this case, we can 

295 use the 2PA spectroscopy as a robust technique to measure the permanent dipole 

296 moment change  and molecular structure in randomly oriented molecules as in (|Δ𝜇01|)

297 a solution.34, 55 Thus, the permanent dipole moment difference can be evaluated through 

298 the lowest-energy 2PA transition by using: 

|Δ𝜇01| = ( 5

2(2𝜋)3

𝑁𝐴ℎ𝑐

3 × 103ln (10)

𝑛

𝐿2

𝜔01

𝜖𝑚𝑎𝑥(𝜔01) 𝜎
(2𝑃𝐴)
0→1 (𝜔01) )

1
2
 (3).

299 It is important to note that we removed the higher-energy 2PA band contribution for the 

300 2PA cross-section of the 11Ag-like →11Bu-like transition. Figure 4 exhibits the values 

301  determined via the Lippert-Mataga equation and 2PA-SOS method. As seen, that 𝛥𝜇01

302 is a good agreement between these methods corroborating the disturbance of molecular 

303 symmetry for the fluorene molecules containing three or more repetitive units. 

304 Oligofluorenes present an effective conjugation length of approximately 12 

305 repetitive units in good solvents with one-photon resonance at ~400 nm. 56 Thus, it is 

306 expected that the saturation of the 2PA cross-section occurs at ~2200 GM for the 

307 strongly 2PA allowed band. To estimate such value, we considered the correction in the 

308 resonance enhancement factor ( ).𝑅(610 𝑛𝑚, 400 𝑛𝑚) = 2.84
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Figure 4 – Comparison between the  values obtained from the Lippert-Mataga equation (bottom-Δμ01

axis) and 2PA-SOS method (left-axis) for the trifluorene (blue symbols), pentafluorene (green symbols), 

and the heptafluorene (red symbols). The squared symbols are the results obtained using the cavity 

volume obtained via SES, while the circled symbols depict the results obtained by OM cavity type. The 

dashed line shows the perfect correspondence.

309

310 Table 2: Spectroscopic parameters obtained by 2PA for trifluorene, pentafluorene, and heptafluorene 
311 molecules. Standard deviation for the 2PA cross section is 20 %.
312

𝑺𝟐𝑷𝑨
𝒊𝒋  [𝒏𝒎] 𝝈𝟐𝑷𝑨 (𝑮𝑴) 𝜟𝝁𝟎𝟏(𝑫) 𝝁𝟏𝟐 (𝑫)

S02 [610] 360 - 19.0 ± 2.0
-Trifluorene

S01 [700] 25 3.5 ± 0.5 -

S02 [610] 552 - 16.5 ± 2.0
Pentafluorene

S01 [720] 34 4.6 ± 0.6 -

S02 [610] 810 - 15.1 ± 2.5
Heptafluorene

S01 [740] 59 5.1 ± 0.7 -

313

314

315 5. CONCLUSIONS
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316 We have shown that oligofluorene has a high 2PA ratio as a function of the 

317 effective π-electron of ~18 GM per Neff for the pure 2PA transition (11Ag-like →21Ag-

318 like). Such a large 2PA ratio is associated with the strong intramolecular interaction 

319 between the fluorene units, leading to the remarkable excited state absorption that 

320 reflects the high values for the transition dipole moment between the excited state 11Bu-

321 like and 21Ag-like. Our finding also indicates that the increase of the repetitive units in 

322 the fluorene structure contributes to the molecular symmetry perturbation. 

323 Consequently, the strongly 1PA allowed transition (11Ag-like→11Bu-like) became 

324 allowed by 2PA. A possible explanation for the symmetry disturbance is related to the 

325 slight rotation angle between the fluorene moieties in solution, which can confer a 

326 quadrupolar character for the oligofluorenes. Thus, the electronic-vibrational coupling 

327 combined with the small quadrupolar moment may generate a double-minimum excited 

328 state energy surface as reported in Ref.14, 44 for fluorene derivatives. Finally, the results 

329 allowed estimating the fundamental limit of the 2PA cross-section for oligofluorene of 

330 ~2200 GM. 

331  

332 Supporting Information

333 The first section includes the experimental results, such as the Gaussian 

334 decomposition of the absorption bands, solvatochromism measurements, and Z-scan 

335 signatures (obtained by femtosecond pulses). Section two exhibits the optimized 

336 geometries used to achieve the cubic radius by using the Gaussian program package.

337
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