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Abstract

:

Smart solvatochromic isocyano-aminoarenes (ICAArs) have been gaining attention owing to their unique photophysical, antifungal and anticancer properties. Using a simple dehydration reaction with in situ-generated dichlorocarbene, we prepared 2-amino-7-isocyanofluorene (2,7-ICAF). We studied the effect of the longer polarization axis provided by the fluorene core on the spectral properties and we also compared it to those of the starting diamine. 2,7-ICAF shows a clear solvatochromic behavior close to the blue part (370–420 nm) of the visible spectrum. Quantum chemical calculations show internal charge transfer (ICT) between the donor amino and the electron-withdrawing isocyano groups. 2,7-ICAF has high molar absorptivity (ε = 15–18·103 M−1cm−1) and excellent quantum yield (Φf = 70–95%) in most solvents; however, its fluorescence is completely quenched in water. The high brightness (ε·Φf) and close to zero quantum yield in water may be favorable in biolabeling applications, where background fluorescence should be kept minimal. Overall, 2,7-ICAF shows enhanced photophysical properties compared to its previously investigated relative 4-amino-4′-isocyano-1,1′-biphenyl (4,4′-ICAB).
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1. Introduction


Development of high-performance environment-sensitive dyes [1] and/or fluorescent solvatochromic [2,3,4] probes are one of the main focuses of today’s material science. The solvatochromic behavior of these dyes is usually attributed to an intramolecular charge transfer (ICT) [5] between an electron-donating (D) and an electron-withdrawing (A) group placed on an aromatic core. Upon excitation, due to the shift of electron density from the donor to the acceptor group mediated by the π-linker moiety, the excited state dipole moment (µe) usually increases compared to that of the ground state (µg). In the excited state (S1), solvent molecules rearrange around the dye, thereby stabilizing it and lowering its energy. This phenomenon is called positive solvatochromism and is characteristic of push–pull type dyes, where the wavelength of the emitted light is shifted bathochromically (towards red) in polar solvents. One of the most published members of this group is naphthalene-based [1-(6-(dimethylamino)-naphthalen-2-yl)propan-1-one], or 2,6-PRODAN [6].



When we exchange the strong electron-withdrawing carbonyl group of PRODAN to the more versatile isocyano group we get isocyano-aminoarenes, our current field of interest. The first member of this dye family prepared by Nagy et al. was 1-amino-5-isocyanonaphthalene, or 1,5-ICAN (Figure 1) [7]. Surprisingly, 1,5-ICAN has the same solvatochromic range as 2,6-PRODAN despite the weaker electron-withdrawing nature of the isonitrile group (–N≡C) and the lower electron-donating ability of the NH2 group compared to that of N(CH3)2. The excellent complexation property of the isonitrile group can be utilized in biolabeling and Ag+ detection [8]. In addition, the –N≡C group reacts selectively with Hg2+, making 1,5-ICAN the simplest fluorophore for the ratiometric detection of Hg2+ ions [9].



The electronic absorption spectra for the naphthalene-based PRODAN analogues [10,11,12] and our ICAN derivatives are located in the UV spectral region, which limits their biological applicability. To overcome this issue, one may use two-photon excitation [13], or more favorably the exchange of the fluorochromic core, this way increasing the polarization axis and the dipole moment change of the dye. Using the second approach to enhance the optical properties of the PRODAN and ICAN families, pyrene [14], anthracene (Anthradan) [15,16] and acridine (2,7-ICAAc) [17] derivatives were also prepared from both dye families. Indeed, the solvatochromic range was significantly redshifted and the isocyanoacridine derivatives turned out to be promising photodynamic anticancer agents [17]. We also tried the biphenyl core (4,4′-ICAB, Figure 1) [18]; however, owing to the free rotation of the two benzene rings with respect to each other, the otherwise significant solvatochromic range (409–513 nm for 1,5-ICAN [7]) blueshifted to 350–450 nm.



Using a fluorene ring instead of biphenyl could solve the rotation problem and could provide the enlarged polarization axis required. Indeed, fluorene is used in various applications, such as light-emitting organic diodes (OLEDs) [19], lasing materials [20], in positron emission tomography (PET) [21] and as highly emissive fluorescent molecules with aggregate fluorescence change [22]. Most importantly, it was demonstrated previously that the substitution of the naphthalene core to fluorene in the case of PRODAN led to a 200 nm wider solvatochromic range (FR0 and FR8) [23]. In addition, 2-amino-7-nitrofluorene (ANF) [24,25] is an excellent solvatochromic dye. ANF is still widely used in scientific research to study the mechanisms of carcinogenesis and DNA damage [26].



Based on the above, we wanted to develop improved, redshifted solvatochromic dyes based on ICAN using the fluorene core as the π-linker. One of the main advantages of ICAN derivatives is their cheap and simple synthesis. Using in situ generated dichlorocarbene (:CCl2) in basic solution [7], one or both amino groups of the respective aromatic diamine is converted to isocyanide. Despite their simple preparation and unique photophysical properties, the field of fluorescent isocyano-aminoarenes remains largely unexplored.



In this paper, we report the synthesis and investigation of 2-amino-7-isocyanofluorene (2,7-ICAF, Figure 1). The photophysical properties of 2,7-ICAF are compared to those of the starting 2,7-diaminofluorene (2,7-DAF) and the very similar 4-amino-4′-isocyanobiphenyl (4,4′-ICAB).




2. Materials and Methods


2.1. Materials


2,7-Diaminofluorene dihydrochloride (CAS Number: 13548-69-1, MW = 269.176 g/mol) and benzyltriethylammonium chloride (CAS Number: 56-37-1, 99%, MW = 227.77 g/mol) were purchased from Sigma Aldrich (Schnelldorf, Germany) and were used as received. Tetrahydrofuran (THF), methanol (MeOH), dimethyl sulfoxide (DMSO), dichloromethane (DCM) (for Spectroscopy, Sigma Aldrich, Schnelldorf, Germany), toluene (anhydrous, reagent grade, Sigma Aldrich, Germany), acetonitrile, water (HPLC grade, VWR, Darmstadt, Germany), acetone (anhydrous, reagent grade, VWR, Darmstadt, Germany) and ethyl-acetate (EtOAc) (reagent grade, Molar Chemicals, Halásztelek, Hungary) were used without further purification. Other solvents and reagents were purchased from Sigma Aldrich in reagent grade and used as received.




2.2. Synthesis of 2-amino-7-isocyanofluorene (2,7-ICAF)


A total of 400 mg 2,7-diaminofluorene dihydrochloride (1.5 mmol; 1.0 eq.) was dissolved in 3.4 mL CH2Cl2 in a small 25 mL round bottom flask, then 0.36 mL chloroform (4.5 mmol, 532 mg, 3 eq.) and 3 mg benzyltriethylammonium chloride (0.01 mmol, 0.01 eq.) were added. The slow addition of 3.4 mL of 50% NaOH solution (42.2 mmol, 28.4 eq.) followed with vigorous stirring. The reaction mixture was stirred at room temperature for 10 min, then stirred at 40 °C with gentle refluxing for 2 h. The reaction was followed by High Pressure Liquid Chromatography with Mass Spectrometer detection (HPLC-MS). After two hours the decomposition of the product was observed, and the reaction mixture was processed in a separatory funnel. A total of 10 mL CH2Cl2 was added, and the phases were separated. The aqueous phase was washed twice with 10 mL CH2Cl2. The combined organic phases were dried on MgSO4, then evaporated on a rotary evaporator. 2,7-ICAF was purified on normal phase silica column (2 × 25 g flash cartridge) using pure dichloromethane as eluent. Pure product: yellow crystals, 38 mg, 9.5% yield.



Melting point: 156 °C (decomposed).



1H NMR (400 MHz, DMSO-d6) δ = 7.66 (d, J = 8.1 Hz, 1H, C10), 7.61–7.54 (m, 2H, C1), 7.43 (dd, J = 8.1, 2.0 Hz, 1H, C11), 6.76 (d, J = 2.1 Hz, 1H, C4), 6.60 (dd, J = 8.2, 2.1 Hz, 1H, C6), 5.41 (s, 2H, C14), 3.77 (s, 2H, C9) (Figure S1).



13C NMR (101 MHz, DMSO-d6) δ = 162.9 (C16), 149.5 (C5), 145.6 (C3), 143.8 (C7), 142.9 (C8), 127.8 (C2), 125.1 (C11), 122.6 (C10,13), 121.6 (C1,12), 113.1 (C6), 109.9 (C4), 36.1 (C9) (Figure S2).



2D (COSY, HSQC and HMBC) NMR spectra are presented in Figures S3–S5.




2.3. Characterization Methods


LCMS: The reactions were monitored by a Shimadzu LC-40D XR UPLC-MS system equipped with an SIL-40C XR autosampler, an SPD-M40 photo diode array detector and an LCMS-2020 DUIS Mass Spectrometer operated in negative and positive ionization modes. The separation was carried out on an Ascentis® Express C18 with a 2 μm UHPLC column (L × I.D. 5 cm × 2.1 mm) at 50 °C provided by a CTO-40s column oven. Gradient elution was used with either eluent: 0.1% TFA in water (A) and 0.1% TFA in MeCN (B), or 0.4 g NH4HCO3 in 1 L water (A) and MeCN (B).



Flash Chromatography: Reaction products were purified by flash column chromatography using an Interchim puriFlash xs 520 plus system on normal phase silica gel columns using isocratic elution (DCM as eluent).



m.p.: The melting point was determined on a Büchi M-560 capillary melting point apparatus and was uncorrected.



UV–vis: For recording the absorption spectra, a UV-6300PC double beam spectrophotometer (VWR International) was used. Solutions of 3.00 cm3 were prepared from the sample in the solvent of interest in a quartz cuvette of 1.00 cm optical length. Molar absorption coefficients (ε) were calculated from the absorbance measurements at 3 different concentrations (1×, 2× and 3×, respectively) using the Beer–Lambert law.



Steady-state fluorescence spectra were recorded on a Jasco FP-8550 fluorescence spectrophotometer at 20 °C. The excitation and emission bandwidths were both set to 2.5 nm. To obtain better resolution, 200 nm/min scanning speed was applied for all samples. Fluorescence quantum yields (ΦF) were calculated by using quinine sulfate in 0.1 mol/L perchloric acid, absolute quantum efficiency (Φr = 60%) [27] as the reference using the method detailed in Ref [27]. The absorbances at the wavelength of excitation were kept below A = 0.1 in order to avoid inner filter effects.



For UV–vis and fluorescence measurements, the investigated compounds were dissolved in acetonitrile at a concentration of 0.6 mg/mL and were diluted to 7.40 × 10−6 M (2,7-DAF) or 4.84 × 10−6 M (2,7-ICAF) in the solvents of interest.



The NMR spectra were recorded at 25 °C, in the solvent indicated, on a Varian Mercury Plus spectrometer (Agilent Technologies, Santa Clara, CA, USA) at a frequency of 400 MHz (1H) or 101 MHz (13C). Notations for the 1H NMR spectral splitting patterns include singlet (s), doublet (d), triplet (t), broad (br) and multiplet/overlapping peaks (m). Chemical shifts of the resonances are given as δ values in ppm and coupling constants (J) are expressed in Hertz.




2.4. Density Functional Theory (DFT) Calculations


Theoretical calculations were carried out by Gaussian16 software [28] using the standard convergence criteria given as default. Optimization and vibrational frequencies were carried out by the B3LYP method [29,30] using the 6-311++G(2d,2p) basis set and the IEFPCM method for implicit solvent models. Thermodynamic functions were computed at 298.15 K. For wavelength prediction, the vertical excitation was modelled by the TD-B3LYP/6-311++G(2d,2p)//PCM(DMSO) [31] level of theory using the geometries optimized from B3LYP/6-311++G(2d,2p)//PCM(DMSO). The emission wavelengths were calculated after optimization using the geometries provided by TD-B3LYP/6-311++G(2d,2p)//PCM(DMSO).





3. Results and Discussions


3.1. Synthesis of 2-amino-7-isocyanofluorene (2,7-ICAF)


To make a classical push–pull-type dye from symmetrical 2,7-diaminofluorene (2,7-DAF), one of the electron donor amino groups was converted to an electron-withdrawing isocyanide group using the simple dichlorocarbene reaction (Figure 2). This simple reaction requires mild conditions, it is cheap and the unreacted diamine can be easily recovered.




3.2. Optical Characterization of 2,7-diaminofluorene (2,7-DAF) and 2-amino-7-isocyanofluorene (2,7-ICAF)


To investigate the photophysical properties, absorption (UV–vis) and steady-state emission spectra of the starting diamine 2,7-DAF and the isocyano derivative 2,7-ICAF were recorded in various solvents. The main aspects considered during solvent selection were that they should cover the widest polarity range and contain both H-bond donor and acceptor solvents. This way, in addition to polarity-induced spectral effects, possible specific dye–solvent interactions could also be explored. It should be noted here that we encountered serious solubility issues for 2,7-ICAF; therefore, we had to skip measurements in hexane.



The absorption (UV–vis) and steady-state fluorescence spectra of 2,7-DAF and 2,7-ICAF recorded in solvents of different polarities are presented in Figure 3. Table 1 summarizes the most important spectral properties, such as absorption maximum wavelengths (λAbs), molar absorption coefficients (ε) and the emission maxima (λEm). The non-normalized spectra are presented in the Supporting Information in Figures S6 and S7.



The absorption (UV–vis) spectra of 2,7-DAF show a distinct double band character with a high-intensity peak at λabs = 290–310 nm depending on the solvent and a lower intensity shoulder located at λabs = 327–353 nm. Quantum chemical calculations revealed that the higher energy peak can be assigned to the S0–S2 electronic transition, while the shoulder can be assigned to the S0–S1 transition. According to the HOMO-LUMO diagram, both bands in Figure 3a belong to the charge transfer (CT) from the amino groups to the fluorene core. The CT character of these bands is further supported by their large variation with changing solvent polarity. The maxima at the shoulders were used as excitation wavelengths when recording the emission spectra of 2,7-DAF. The emission spectra of 2,7-DAF contain only one band in each solvent and the maxima are found between λem = 382–404 nm (Table 1), covering only Δλ = 22 nm solvatochromic range. Interestingly, in water the emission maximum is located lower (397 nm) than in DMSO (404 nm). This may be due to the strong H-bonding between the NH2 groups and water molecules. It should be noted here that the fluorescence of 2,7-DAF is strongly quenched in acetone (Φf = 0.9%) and in dichloromethane (Φf = 0.3%).



It is evident from Figure 3b,d that the conversion of one of the NH2 groups into isocyano, i.e., breaking the symmetry of 2,7-DAF, has a pronounced effect on the optical properties. The large intensity band around 300 nm completely disappears from the UV–vis spectrum of 2,7-ICAF. The longer wavelength ones (previous shoulder) suffer a slight blueshift of approximately 10 nm and are found between the absorption maxima of the starting diamine and those of the biphenyl reference dye 4,4′-ICAB (Table 1). Surprisingly, the molar absorptivity (ε) of these bands increases significantly and are found between 15,000 and 18,000 M−1cm−1, almost three times larger than those of 4,4′-ICAB (5000–6000 M−1cm−1), and more than double than in the case of naphthalene-based 1,5-ICAN (4000–8000 M−1cm−1) [7]. The measured absorption maximum and the molar absorption coefficient in DMSO are in good agreement with the calculated ones presented in Figure S11. Pronounced change can also be observed in the case of the emission peaks. Compared to the very narrow (Δλ = 22 nm) solvatochromic range of 2,7-DAF, the range more than doubles (Δλ = 51 nm) in the case of 2,7-ICAF from toluene to DMSO. In nonpolar solvents, such as toluene, the emission is blueshifted λem = 367 nm versus 382 nm, and in polar solvents a significant redshift is apparent with an emission at λem = 418 nm versus 404 nm (Figure 3c,d, Table 1). These emission maximum values are within 10 nm of those measured for the reference compound 4,4′-ICAB. A significant difference can only be observed in the case of very polar solvents, namely DMSO and water. Considering the quantum yields (Φf), they are low for the biphenyl derivative and nearly quenched in protic solvents (MeOH, H2O) for both derivatives. In the case of 2,7-ICAF, complete quenching was observed in water, therefore the emission maximum could not be determined. Interestingly, in nonprotic solvents the quantum yields of 2,7-ICAF are much higher than those of the starting diamine and the biphenyl derivative. They are found between Φf = 70–95% (DCM–Toluene). These Φf values are in good agreement with the calculated oscillator strength of 1.27 for the first excited state (S1) of 2,7-ICAF presented in Figure S12. The high quantum yields in combination with high molar absorptivities result in excellent brightness for 2,7-ICAF. The high brightness and complete quenching in aqueous media may make 2,7-ICAF a potent cell stain as we previously demonstrated with 1,5-ICAN [8]. It should be noted, however, that because of the high energy absorption (λabs = 320–340 nm), the application may be limited to dead (fixated) cells.




3.3. Investigation of the Solvatochromic Behavior of 2,7-DAF and 2,7-ICAF


One of the most recent methods to quantify the solvatochromic behaviors of 2,7-DAF and 2,7-ICAF is the Catalán scale [32]. This multiple linear regression (MLR) analysis-based procedure can account for the specific solvent–dye interactions. The effect of these specific interactions on spectral parameters, such as emission maxima or Stokes shifts (ΔνSS), is determined using Equation (1):


  y =   y   0   +   a   S A   S A +   b   S B   S B +   c   S P   S P +   d   S d P   S d P  



(1)




where the y0 parameter represents the characteristic property (λem,max, ΔνSS) of the substance under consideration in the absence of a solvent. SA quantitatively measures the empirical ability of the bulk solvent to serve as a hydrogen bond donor to a solute. Similarly, SB quantitatively measures the empirical ability of the bulk solvent to act as a hydrogen bond acceptor or electron pair donor to a solute, forming either a solute-to-solvent hydrogen bond or a solvent-to-solute coordinative bond. SP and SdP denote the solvent polarizability and dipolarity parameters, respectively, which are determined using reference dye molecules. The coefficients a, b, c and d in the equation signify the influence of the respective solvent parameter on the property being investigated. The results are presented in Figure 4a,b (Figure S5a,b) and in Table 2.



As seen in Figure 4a,b, the Catalán equation describes relatively well the change of emission maxima with changing solvent properties. The coefficient of determination is R2~0.9 for both 2,7-DAF and 2,7-ICAF. Surprisingly, in the case of the starting diamine, when we plot the calculated Stokes shifts versus the measured ones, an almost perfect fit R2 = 0.99 was obtained (Figure S5a,b, Table 2). Based on the data of Table 2, the emission maxima of both the diamine (2,7-DAF) and the isocyanide (2,7-ICAF) are determined by the solvent polarizability (large cSP coefficients), while the H-bond donor character (aSA) and polarizability is dominant for the Stokes shifts of 2,7-DAF and 2,7-ICAF, respectively (Table 2).




3.4. Theoretical Results


To get the whole picture of the photochemical processes and a correct explanation of the experimental findings, theoretical calculations using an implicit IEF-PCM method with the relative permittivity of DMSO were carried out (Figures S9–S12).



The optimized geometries of the ground state (S0) and the first relaxed excited state (S1) of the fluorene derivatives reveal significant changes in the bond lengths of both the donor (amino) and the acceptor (isocyano) groups. In the case of 2,7-DAF, the ground state structure is symmetrical and the C-N bond lengths of the amino groups are 1.40 Å (for both 2- and 7-amino positions), which is characteristic for pyramidal aromatic amines [33] CAr-NH2 (Nsp3). The sum of bond angles around the N of the amino group is 340°, which is also characteristic for a pyramidal (sp3) NH2 group. Upon excitation, pronounced changes in the bond lengths take place (Table 3). The C-N (amino) bond length is shortened by almost 0.04 Å to 1.36 Å and the bond pyramidicity of the N decreases (356°), indicating a more planar, sp2-type imino (=NH2+) group. In the case of the isocyano derivative 2,7-ICAF, the C-N bond length shortens from 1.39 Å (S0) to 1.35 Å (S1) and the angle increases from 343° to 360°, which is characteristic for a completely planar (CAr=NH2+) imino form in the excited state. The 1.36–1.35 Å C-N lengths are characteristic for the planar sp2 hybridized NH2 group attached to an aromatic core. According to experimental results [33], the average length is d(CAr-NH2, Nsp2) = 1.35 Å. This shortening of the C-NH2 bond is the result of the electron transfer from the NH2 group to the NC group, or to the aromatic core in the case of the diamine.



In the case of the isocyano group, the bond length between the NC group and the aromatic core also is found around d(CAr-NC) = 1.39 Å (Table 3, S0), while the length of the triple bond is d(N≡C) = 1.167 Å. Significant changes can also be observed for the isocyano group in the excited state. The d(CAr-NC) distance is shortened by about 0.03 Å to 1.36 Å, while the original triple bond is stretched to d(N≡C) = 1.184 Å in the excited state, suggesting the presence of a doubly bonded (CAr=N+=C−) isocyano group. These bond length changes are also apparent in our reference compound 1-amino-5-isocyanonaphthalene (1,5-ICAN, Table 3 first column) and indicate a clear charge transfer between the donor NH2 and the acceptor isocyano groups. However, the amino group moves closer to the aromatic core in the case of 1,5-ICAN, which has superior solvatochromic properties compared to 2,7-ICAF. The larger distance between the amino and the not so strong acceptor isocyano groups and the reduced conjugation of the fluorene (and biphenyl) ring may be the explanation for their poorer performance compared to that of 1,5-ICAN.



According to the theoretical study, the biphenyl derivatives (4,4′-DAB and 4,4′-ICAB) represent a simpler vertical excitation in both cases. Here the HOMO→LUMO transition to the first excitation states indicates the dominant process. In the cases of 4,4′-DAB and 4,4′-ICAB, the two phenyl rings rotate towards each other by 30° in the ground state (S1); however, at the S1 excited state, the rings are located in one plane. For the distorted structure of 2,7-DAF, the absorption band is overlapped by a more complex excitation pattern, and in the case of 2,7-DAF it is represented by the combination of the first and second excited states (Figure 5). The Nucleus Independent Chemical Shift values (NICS) [34,35] of the S0 and S1 states also correspond to our chemical expectations. More negative values indicate the more aromatic characther for the ring. In the case of diamino derivatives (2,7-DAF and 4,4′-DAB), we observed equivalent chemical shifts, which drop down by at least 1 ppm. In the case of 2,7-ICAF and 4,4′-ICAB, the aromatic ring substituted by an –N≡C group is more aromatic than the anilinyl ring. During the excitation, all the NICS values drop down at S1 states, showing decreasing aromatic character. This refers to a more quinoidal character for phenyl rings and more stronger interactions and bonds between the two phenyl rings attached, in agreement with the previous observations about bond lenghts.





4. Conclusions


A fluorene core push–pull-type dye, namely 2-amino-7-isocyanofluorene (2,7-ICAF), was synthesized from 2,7-diaminofluorene (2,7-DAF) using a simple dichlorocarbene method in strongly basic solution. The optical properties of both the starting diamine and the isocyano derivative were investigated. Fluorescence spectra revealed the broadening of the solvatochromic range to 51 nm (367–418 nm) for 2,7-ICAF compared to 22 nm for the diamine. However, the emission spectra were still located in the higher end of the UV and the lower blue edge of the visible spectrum. Using the Catalán method, both 2,7-DAF and 2,7-ICAF showed good solvatochromic behavior, with the solvent polarizability being the determining parameter. High level quantum chemical calculations revealed that internal charge transfer (ICT) takes place between the amino and the isocyano groups. The reason for the ICT is the shortening of the amino C-N bond in the excited state and the simultaneous stretching of the isocyano triple bond. This behavior is very similar to that of our previously prepared 4-amino-4′-isocyano-biphenyl (4,4′-ICAB). However, while the emission maxima of the two compounds are within 10 nm, their molar absorptivity and quantum yields differ significantly. 2,7-ICAF has excellent quantum efficiencies (Φf = 70–95%) and large molar absorption coefficients (ε = 16,000–18,000 M−1cm−1). The resulting brightness is far superior compared to those of 4,4′-ICAB and 1,5-ICAN. In addition, the complete quenching of 2,7-ICAF in aqueous media combined with its high fluorescence in nonpolar media is favorable for staining/biolabeling applications.
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Figure 1. The isocyano-aminoarene-type push–pull fluorophores (2,7-ICAF, 1,5-ICAN and 4-4′-ICAB), the starting material (2,7-DAF) and a commercially available dye (2,6-PRODAN) for comparison. 
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Figure 2. The synthesis of 2-amino-7-isocyano-fluorene (2,7-ICAF) from 2,7-diamino-fluorene (2,7-DAF). 
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Figure 3. The UV–vis absorption (a,b) and emission (c,d) spectra of 2,7-diamino-fluorene (2,7-DAF) and 2-amino-7-isocyano-fluorene (2,7-ICAF) in different solvents ([2,7-DAF] = 7.40 × 10−6 M, [2,7-ICAF] = 4.84 × 10−6 M, T = 20 °C). 
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Figure 4. Catalán plots for (a) 2,7-diamino-fluorene (2,7-DAF) and (b) 2-amino-7-isocyano-fluorene (2,7-ICAF). 
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Figure 5. Calculated molecular orbitals (MO, above) and electrostatic potential surface ground states (S0) and excited states (S1) (ESP, below) of 2,7-DAF and 2,7-ICAF (left) as well as 4,4′-DAB and 4,4′-ICAB (right), together with the calculated spectroscopical data and the dihedral angles of 4,4′-DAB and 4,4′-ICAB. The black italic numbers are the calculated NICS values for the corresponding aromatic rings. 
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Table 1. The absorption maximum wavelengths (λAbs), molar absorption coefficients (ε), fluorescence emission maxima (λEm) and quantum yields (Φf) determined in various solvents for 2,7-diamino-fluorene (2,7-DAF), 2-amino-7-isocyano-fluorene (2,7-ICAF) and 4-amino-4′-isocyano-biphenyl (4,4′-ICAB). (εr) stands for the dielectric constants of the solvents.
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Solvent (εr)

	
2,7-DAF

	
2,7-ICAF

	
4,4′-ICAB




	
λAbs

(nm)

	
ε × 10−3

(M−1cm−1)

	
λEm

(nm)

	
Φf

(%)

	
λAbs

(nm)

	
ε × 10−3

(M−1cm−1)

	
λEm

(nm)

	
Φf

(%)

	
λAbs

(nm)

	
ε × 10−3

(M−1cm−1)

	
λEm

(nm)

	
Φf

(%)






	
Toluene (2.38)

	
341

	
6.0

	
382

	
23

	
330

	
15.9

	
367

	
95

	
310

	
5.4

	
371

	
7




	
EtOAc (6.02)

	
343

	
6.2

	
387

	
20

	
332

	
16.3

	
387

	
80

	
315

	
6.2

	
397

	
6




	
THF (7.58)

	
345

	
5.8

	
392

	
18

	
338

	
16.9

	
390

	
82

	
319

	
5.1

	
396

	
7




	
DCM (8.93)

	
340

	
7.0

	
381

	
1

	
328

	
16.5

	
384

	
70

	
307

	
6.1

	
390

	
7




	
Acetone (20.7)

	
344

	
6.1

	
391

	
0.3

	
336

	
16.5

	
401

	
87

	
329

	
5.5

	
407

	
5




	
Methanol (32.7)

	
334

	
5.8

	
395

	
21

	
326

	
17.1

	
411

	
5

	
308

	
4.7

	
419

	
1




	
Acetonitrile (37.5)

	
343

	
6.3

	
390

	
21

	
330

	
18.4

	
405

	
82

	
310

	
5.9

	
410

	
6




	
DMSO (46.7)

	
353

	
5.5

	
404

	
43

	
344

	
18.0

	
418

	
94

	
318

	
5.3

	
436

	
7




	
Water (80.1)

	
327

	
7.2

	
397

	
2

	
322

	
14.9

	
-

	
-

	
298

	
5.1

	
458

	
0.1











 





Table 2. Correlation coefficients aSA, bSB, cSP and dSdPA of the Catalán parameters, solute properties of the reference system (emission maximum, νem, max and Stokes shift, Δνss), coefficient of determination (R2) and number of solvents (n) calculated by MLR analysis for 2,7-DAF and 2,7-ICAF.
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y0 (cm−1)

	
aSA

	
bSB

	
cSP

	
dSdP

	
R2

	
n






	
2,7-DAF

	
νem,max

	
29,332

	
−1080

	
−2340

	
−3516

	
51

	
0.88

	
8




	
Δνss

	
2840

	
2116

	
551

	
308

	
55

	
0.99

	
9




	
2,7-ICAF

	
νem,max

	
32,902

	
−2184

	
−2516

	
−6264

	
−2155

	
0.90

	
8




	

	
Δνss

	
1388

	
3401

	
9.95

	
3140

	
836

	
0.85

	
8











 





Table 3. The ground (S0) and excited states’ (S1) geometrical and optical properties of the dyes of interest, calculated for the B3LYP/6-311++G(2d,2p) level in DMSO. Numbers in red represent experimental results. * The values were taken from Ref. [7].






Table 3. The ground (S0) and excited states’ (S1) geometrical and optical properties of the dyes of interest, calculated for the B3LYP/6-311++G(2d,2p) level in DMSO. Numbers in red represent experimental results. * The values were taken from Ref. [7].





	
[image: Colorants 03 00006 i001]

	
[image: Colorants 03 00006 i002]

	
[image: Colorants 03 00006 i003]




	

	
1,5-ICAN

	
2,7-DAF

	
2,7-ICAF




	

	
S0

	
S1

	
S0

	
S1

	
S0

	
S1




	
Bond length (Angstrom)




	
-NH2

	
1.391

	
1.340

	
1.401

	
1.363

	
1.392

	
1.353




	
d(C-N)≡C

	
1.389

	
1.358

	
-

	
-

	
1.389

	
1.357




	
d(N≡C)

	
1.167

	
1.181

	
-

	
-

	
1.167

	
1.184




	
µ (Debye)

	
7.35

	
8.61

	
1.39

	
1.74

	
8.84

	
10.9




	
abs (nm)

	
380 (347) *

	
481 (497) *

	
339 (353)

	
392 (404)

	
343 (347)

	
406 (417)




	
NH2 angle

	
342

	
360

	
340

	
356

	
343

	
360
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