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ABSTRACT 

New aza-boron-dipyrromethene compounds containing bromine atoms at various positions 

were designed and synthesized to enhance the triplet state population and two photon 

absorption properties for applications such as two-photon photodynamic therapy, triplet-

triplet annihilation up-conversion. Steady state fluorescence and ultrafast pump probe 

spectroscopy techniques revealed that only 2, 6 positions of aza-boron-dipyrromethene core 

contribute to triplet state population significantly. Density function theory calculations 

showed that when bromine atoms introduced to 2, 6 position of aza-boron-dipyrromethene 

core, singlet and triplet energy levels get closer therefore probability of intersystem crossing 

increases. Z-scan experiments at 800 nm wavelengths revealed considerably large (610 GM) 

two photon absorption cross section value with respect to literature for compounds showing 

intersystem crossing mechanism. The efficient intersystem crossing and enhanced two-photon 

absorption properties make the investigated aza-boron-dipyrromethene compounds good 

candidates for two-photon photodynamic therapy application. 
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1. Introduction 

 

There has been a great deal of interest on intersystem crossing (ISC) process of novel 

materials due to their related applications in photochemical and photophysical processes, such 

as photodynamic therapy (PDT) [1-5], photocatalytic organic reactions [6-11], triplet–triplet 

annihilation (TTA), upconversion (UC), and singlet oxygen generation [12,13]. ISC process is 

an efficient way to generate singlet oxygen especially for PDT application.  The spin-orbit 

perturbation of electronic states plays an important role on the photophysical properties of 

organic molecules. Introducing heavy atoms to molecular systems increases ISC process and 

therefore, changes photophysical properties, which is known as heavy atom effect [14]. 

Enhanced spin-orbit perturbations can be achieved by introducing a heavy atom directly onto 

the absorbing core of the molecule (internal heavy atom effect) [15, 16] or by positioning 

heavy atoms to the peripheral positions (external heavy atom effect) [13, 17, 18]. Internal 

heavy atom effect is the most efficient way to enhance ISC process. Therefore, the effects of 

heavy atom on the photoinduced electron transfer mechanism to the triplet state have been 

extensively studied [1, 19]. 

On the other hand, organic molecules with large two photon absorption (TPA) 

properties have attracted increasing attention due to a wide range of potential applications 

including optical limiting [20,21], TPA imaging microscopy [22], three-dimensional 

microfabrication [23,24], optical data storage [25,26], TPA upconversion lasing [27], and 

especially for two-photon PDT [28]. Therefore, design and synthesis of molecules with large 

TPA cross-sections (TPCS) become a popular research field [29, 30]. Two-photon PDT 

application requires efficient ISC mechanism and high TPCS at near-IR region due to its low 

energy, deep penetration and negligible damage to the normal biological tissue. However, 

near-IR TPA photodynamic therapy is limited due to lack of TPA photosensitizer with high 

intersystem crossing rate and large TPCS. 
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There have been several studies about the application of aza-boron-dipyrromethene (aza-

BODIPY) compounds to one photon PDT in the literature [1, 31]. Our previous research on 

aza-BODIPY compounds show that these compounds exhibit TPA properties [32, 33]. In this 

work, we designed and synthesized new aza-BODIPY compounds possessing both ISC and 

TPA properties for PDT applications. 

In literature, heavy atom effect on photophysical properties of organic molecules and 

complexes of various types of molecules such as meso-tetraaryl porphyrins for selenium 

atoms [34, 35], poly halogenated meso-tetraaryl porphyrins and bacteriochlorins molecules 

[36, 37], BODIPY [38, 39], and aza-BODIPY [40-42] compounds were studied. Heavy atoms 

introduced to 2,6 position of aza-BODIPY core are known to enhance the probability of ISC 

due to internal heavy atom effect (i.e. spin orbit coupling) [14-16]. This effect was 

investigated by monitoring fluorescence, phosphorescence and singlet oxygen quantum yields 

[1, 39, 43, 44]. It is known that number of heavy atoms introduced to BODIPY core other 

than 2,6 positions do not affect ISC [43]. However, it is not clear, how do heavy atoms on the 

peripheral positions effect ISC in the literature for aza-BODIPY compound. Therefore, our 

designed and synthesized new aza-BODIPY compounds contain Br atoms at various 

positions. Previous works investigating the heavy atom effects on the triplet population used 

indirect methods such as singlet oxygen quantum yields. We investigated their triplet level 

populations by using ultrafast pump probe spectroscopy technique. This technique is a very 

sensitive tool to investigate directly the transition of triplet to levels with fs time resolution. In 

order to clarify our experimental results and reveal the mechanism causing ISC, we performed 

density functional theory (DFT) calculations for our investigated compounds.  

2. Result And Discussion 

2.1 Absorption and Fluorescence Measurement 
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UV-Vis absorption and emission spectra of 4a-d and 5a-d are shown in Fig. 1 and Fig. 

2, respectively. Absorption spectrum of 4a compound reveals S0→S1 transition with 

maximum absorbance wavelength at 650 nm in Fig. 1. However, S0→S1 transition of Br 

containing compounds is between 645 nm and 667 nm. This spectral shift depends on the 

position of Br atoms on aza-BODIPY core. Bathochromic shifts were observed when Br 

atoms on the para positions of the phenyl ring on the any of 1,7 and 3,5 positions (4b-d, 5b-d) 

as seen in Table 1. On the contrary, directly introducing of Br atoms to 2,6 position of aza-

BODIPY core leads to hypsochromic shifts (5a-d). Interestingly, the amounts of spectral shift 

per binding position, whether it is bathochromic or hypsochromic are the same. Therefore, 

these bathochromic or hypsochromic spectral shifts cancel each other for 4a, 5b and 5c 

compounds and the absorption bands of these compounds are localized around 650 nm. In 

addition, FWHM values for studied compounds increases with increasing the number of the 

heavy atoms (Table 1).   

On the other hand, another absorption band is observed at 320 nm which corresponds to 

S0→S2 transition of aza-BODIPY compounds without containing Br atoms at 2,6 position. 

Upon introducing Br atoms at 2,6 position of aza-BODIPY, significant hypsochromic shift 

(about 20 nm) was observed for S0→S2 transition.  

It is known that aza-BODIPY compounds have high fluorescence quantum yields [45]. 

A single fluorescence signals were observed for 4a-d compounds as seen in Fig. 2. The 

fluorescence intensity increases with increasing number of binding p-Br phenyl groups to 

1,7,3,5 positions of aza BODIPY core. Therefore, 4d compound containing p-Br phenyl at 

1,7,3,5 positions shows the highest fluorescence intensity while 4a compound has the lowest 

fluorescence intensity among these compounds. On the other hand, it is well known that the 

introducing Br atoms to 2,6 positions makes singlet-triplet transition easier [41]. Therefore, in 
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our studied compounds, fluorescence signal drastically decrease for 5a-d compounds 

containing Br atoms at 2,6 position of aza-BODIPY core due to the ISC process. This 

decreased fluorescence signal may indicate that our low fluorescent compounds may have 

efficient ISC due to heavy atom effect. In order to obtain more information about the effect of 

heavy atom on aza-BODIPY compounds by changing position and number of heavy atoms, 

we performed ultrafast pump probe spectroscopy experiments.     

2.2 Ultrafast Pump Probe Spectroscopy 

Ultrafast pump probe spectroscopy experiments were used to investigate the effect of 

heavy atom and its position on ISC mechanism and decay processes of excited states of the 

aza-BODIPY compounds. Femtosecond transient absorption spectra with 640 nm excitation 

wavelength for 4a and 5a compounds in THF are given in Fig. 3a and 3b, respectively. The 

results of experiments show different characteristics depending on the position and the 

number of heavy atom. Transient absorption spectra of 4a have a great bleach signal at 650 

nm and excited state absorption signal below 575 nm and above 750 nm as shown in Fig. 3a. 

4b-d compounds also show similar transient absorption spectra characteristics. However, 

linear and transient absorption spectra of compound 5a have different characteristics. For 

instance, vibration states appearing around 520 nm in linear absorption spectra get higher 

absorption peak when Br atoms bond to 2,6 position of aza-BODIPY core. That causes an 

extra bleach signal to appear around 520 nm in transient absorption spectra as seen in Fig. 3b. 

In addition to that, an excited state absorption (ESA) signal appears in transient absorption 

spectra at about 120 ps time delay and around 695 nm wavelength, which can be attributed to 

T1-Tn transition (Fig. 3b, Fig. 4). Similar spectral properties were also observed for other Br 

compounds containing Br atoms at 2,6 position of aza-BODIPY core (5a-d). These 

experimental data were given in supporting information.   
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Another evidence of ISC mechanism is clearly observed from the decay curves seen in 

Fig. 5. The lifetime of the bleach signals show great differences whether including Br atoms 

at 2,6 position of aza-BODIPY core or not. There is a long time component (with decay time 

about µs range) for 5a-d compounds. This component can be attributed to lifetime of the 

triplet states of the aza-BODIPY. These experimental results indicate that only Br atoms at 

2,6 positions enhance the ISC mechanism due to the internal heavy atom effect [7]. Enhanced 

ISC mechanism also causes fluorescence signal reducing drastically as observed in the 

fluorescence measurements in Fig. 2.  

Moreover, different decay curves were recorded for 4a and 4d compounds as seen in 

Fig. 6. The excited state lifetime of the 4d compound is longer than that of 4a compound. It 

may be due to heavy atom effect since it contains more Br atoms.  

In an attempt to clarify the reason why compounds 5a-d showing stronger ISC than 4a-

d compounds we performed DFT calculations for these compounds. 

2.3 DFT Calculations on the Photophysical Properties of the Complexes 

The ground state geometries of the compounds were optimized with the DFT theory. 

The aza-BODIPY core takes a planar geometry. Interestingly, the four phenyl rings take a 

nearly co-planar geometry orientation toward the aza-BODIPY core, even with a 

perpendicular initial geometry for the DFT calculation. This result indicates that the coplanar 

geometry is at least a local energy minimum. For example, the dihedral angle between the 

phenyl ring (close to the BF2 complexation site) and the aza-BODIPY core is ca. 31°. For the 

phenyl rings at the opposite position of the BF2 complexation, the dihedral angle is smaller 

(24 °), probably due to the smaller steric hindrance. Similar results were found for all the 

compounds 4b- 4c (see Supporting Information). The T1 triplet state energy of 4a was 

calculated as 1378 nm (0.90 eV), which is close to a previously reported value (0.87 eV) [46]. 
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The excited state of compound 4a was calculated. The UV-Vis absorption maximum 

is predicted at 605 nm, which is close, the experimental result of 650 nm. The deviation is 

known for the calculation of BODIPY compounds with the DFT theory (Fig. 7). The frontier 

molecular orbitals are delocalized on the aza-BODIPY core and the appended phenyl rings. 

Similarly, the geometry of the ground state of the 2,6-dibromo aza-BODIPYs (5a-5d) 

was also optimized. Interestingly, we found that the dihedral angles between the phenyl rings 

and the aza-BODIPY core are increased, that is, the moieties in the molecules are less co-

planar. For example, the dihedral angle between the phenyl rings (close to the 

BF2complexation site) and the aza-BODIPY core is ca. 51°. For the phenyl rings on the 

opposite to the BF2complexation site, dihedral angle of ca. 41° was found. These angles are 

much larger than that observed for the unbrominated compounds 4a-4d. These changes are 

probably due to the steric hindrance of the bromine atoms at the 2,6 position of the aza-

BODIPY core.  

The excited states of compound 5a were also studied with the DFT calculations 

(Table 2) (Fig. 8). Interestingly, shorter wavelength for UV-vis absorption band was found 

for 5a as compared with that of 4a. For example, the first absorption band was predicted as 

581 nm for 5a, as compared with that of 605 nm for 4a (Table 3). This blue-shifted 

absorption of 5a as compared with 4a may be due to the poor planar geometry of the 

molecule, as predicted by the DFT calculations on the ground state geometry.  

The T1 state energy level of 5a was calculated as 0.98 eV (1267 nm). Thus 5a can be 

used as triplet photosensitizer for photosensitizing of singlet oxygen (1O2). This theoretical 

prediction is in agreement with the experimental results [1, 47]. 

The spin density surfaces of the compounds were studied with the optimized triplet 

state geometry, so that the distribution of the triplet states of the compounds were unveiled 

(Fig. 9) [48]. For compound 4a, the triplet state is delocalized over the entire molecule. 
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Similar results were found for 4b-4d (see Supporting Information). For 5a, similar results 

were observed. Note the bromine atoms contribute to the spin density surface, thus 

intersystem crossing is expected for compound 5a.  

DFT calculations revealed that singlet energy levels decreases and get closer to triplet 

energy levels due to conformation transformation upon excitation for samples 5a-d (Fig. 

S26). Decreasing singlet energy levels increase probability of ISC to triplet levels. This can be 

attributed to spin-orbit coupling (heavy atom effect). Fluorescence quenching (Fig. 2) and 

pump-probe experimental results (Fig. 3, 4) for these compounds support DFT calculations. 

On the other hand heavy atoms that are not located at the core of aza-BODIPY (compounds 

4a-d) do not affect conformation transformation and therefore ISC probability is lower for 

these molecules (Fig. 3, 4). 

2.4 Two Photon Absorption Properties 

It is known that TPA properties are improved upon increasing charge transfer for 

BODIPY and aza-BODIPY compounds [49-51]. Therefore, in an attempt to find out whether 

charge transfer to triplet state affect TPA properties, we investigated number and position 

effects of Br atoms on TPA properties by OA Z-scan technique [49]. TPA coefficient (β) and 

TPCS (σ2) were calculated from the following equations [51]. 

 Nonlinear transmittance T is given in terms of laser intensity , 

                                (1) 

where,  is optical path length.  β value is obtained from the curve fitting the OA Z-scan data 

to equation 1. TPCS value  (1 GM = 10-50 cm4 s photon-1) is obtained by using β value in 

the following equation, 
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                                (2) 

where, is the Avogadro number and  is molar concentration of the solution.  

OA Z-scan experimental results of 5a-d compounds as well as theoretical fits at 80 GW/cm2 

peak intensities are shown in Fig. 10. Calculated TPCS values are written in Table 1. TPA 

properties depend on both position and the number of Br atoms introduced to the phenyl rings 

at 1,3,5,7 positions. As seen from these results, when Br atoms are bound to 1,7 positions 

(σ5c=444 GM) TPCS value is greater than that of bound to 3,5 positions (σ5b= 218 GM). This 

result could be explained by considering our DFT calculation given in the previous section. 

According to DFT calculations, dihedral angle for 1,7 positions are smaller than that of 3,5 

positions. It is known that greater dihedral angle causes smaller the charge transfer due to the 

non-planarity of the compound [52]. This explains why 1,7 position (compound 5c) is more 

efficient for charge transfer than 3,5 positions (compound 5b) for the investigated 

compounds.  

Among 5a-d compounds, 5d has the highest TPCS value (610 GM). In the literature, there are 

only a few studies about TPA properties of aza-BODIPY compounds [41, 50, 32]. The highest 

TPCS value was measured about 30 GM at 800 nm wavelength [41]. Our TPCS value  (610 

GM) is about twenty times greater than this value.  

3. Conclusion 

We synthesized and studied linear and nonlinear optical properties of aza-BODIPY 

compounds containing heavy atom with different numbers and positions. The effect of heavy 

atom on intersystem crossing mechanism of newly synthesized Br containing aza-BODIPY 

compounds were investigated using fluorescence and ultrafast pump probe spectroscopy 

experiments as well as density functional theory calculations. The fluorescence intensity 

2 3
0 10A

hv

N d

βσ −=
×

AN 0d
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drastically decreased when compounds include heavy atoms at 2,6 position of the aza-

BODIPY core as observed in the literature. Ultrafast pump probe experimental results 

explained observed fluorescence quenching by showing triplet state population when Br 

atoms are introduced to the 2,6 positions of aza-BODIPY core. Further, density functional 

theory calculations supported these findings by revealing that singlet and triplet levels get 

closer to each other when Br atoms are at 2,6 position of aza-BODIPY core. Our experimental 

and theoretical investigations showed that introducing Br atoms on peripheral positions of 

aza-BODIPY compounds does not affect the triplet state populations. Open aperture Z-scan 

experiments at 800 nm wavelengths revealed considerably large (610 GM) two photon 

absorption cross section values for investigated compounds showing intersystem crossing 

mechanism.  This value at 800 nm wavelengths is much greater than that of aza-BODIPY 

compounds in the literature at this wavelength, which is important for photodynamic therapy 

application. Experimental findings also revealed that binding of phenyl rings affect two 

photon absorption properties considerably. Our studied compounds with high intersystem 

crossing mechanism and enhanced two photon absorption properties at 800 nm wavelengths 

may be good candidates for two-photon photodynamic therapy applications. On the other 

hand, observed weak fluorescence signal and high two-photon absorption cross section value 

may be useful for fluorescence and two-photon fluorescence imaging applications. Therefore, 

we believe this work gives valuable contribution to design new compounds for two photon 

absorption applications. 

 

4. Experimental Section 

4.1 Syntheses of Studied Compounds 

4.1.1 General  
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All solvents and reagents were purchased from Sigma-Aldrich Chemical Company and used 

as received without further purification. Reactions were monitored by thin layer 

chromatography using fluorescent coated aluminum sheets (Merck 60 PF-254). Compounds 

1a-d, 2a-d, 3a-d, 4a-c, 5a were prepared according to the literature [1,53,54]. 

 

 4.1.2 Characterization 

Melting points were determined on a Gallenkamp melting point platform. Flash column 

chromatography was carried out using silica columns on Combi Flash Rf 200 (Teledyne-Isco, 

Lincoln, NE) instruments unless otherwise mentioned. The IR spectra were recorded using 

Shimadzu Infinity model FTIR spectrometer equipped three reflections ATR attachment. 

Mass spectral analyses were performed with a Waters 2695 Alliance MicromassZQ  

LC/MSspectrometer.1H NMR spectra were recorded with a VARIAN Mercury 400 MHz 

spectrometer. 1H NMR chemical shifts (δ) are given in ppm downfield from Me4Si, 

determined by chloroform (δ = 7.26 ppm).13C NMR spectra were recorded with a VARIAN 

Mercury 100 MHz spectrometer. 13C NMR chemical shifts (δ) are reported in ppm with the 

internal CDCl3  at δ 77.0 ppm as standard. 

4.1.2 Syntheses of Compounds 

Synthesis Compound 4d: A solution of compound 3d (0.23 g, 0.30 mmol) in dry 

CH2Cl2 (100 mL) was treated with diisopropylethylamine (0.52 mL, 3.00 mmol) and the 

mixture was stirred for 10 min at room temperature. Then, boron trifluoridediethyletherate 

(0.55 mL, 4.50 mmol) was added and the reaction mixture was stirred at room temperature for 

24 h. The mixture was washed with water, and the organic layer dried over sodium sulfate. 

Removal of solvent gave a residue, which was purified by flash chromatography on silica 

eluting with hex/EtOAc (2:1) resulting the product as a dark blue solid (0.20 g, 83%), mp 

270-273 °C. 1HNMR (400 MHz, CDCl3) δ 7.89 (d, J = 8.4 Hz, 6H), 7.64-7.60 (m, 10H), 7.00 
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(s, 2H), 13C NMR (100 MHz, CDCl3) δ 132.3, 132.1, 131.8, 131.5, 131.4, 129.4, 128.9, 128.0, 

126.5, 125.1; IR (cm-1): 1581.6, 1292.3, 1232.5; Anal. Calcd. for C32H18BBr4F2N3: C, 47.28; 

H, 2.23; N, 5.17. Found: C, 47.06; H, 2.14; N, 5.23;ES/MS calculated for 812.9, found 813.7.  

Synthesis Compound 5b: A solution of compound 4b (0.21 g, 0.32 mmol) in dry 

CH2Cl2 (60 mL) was added to N-bromosuccinimide (NBS) (0.12g, 0.68 mmol), and the 

mixture was stirred at room temperature for 24 h. After the reaction was completed, the 

solvent was evaporated under reduced pressure. The residue was washed with water and dried 

over sodium sulfate. The residual was purified by flash chromatography on silica eluting with 

hex/EtOAc (2:1) which gave the product as a dark blue solid (0.20 g, 76%), mp 283 °C. 

1HNMR (400 MHz, CDCl3) δ  7.87-7.85 (m, 4H), 7.62 (s, 8H), 7.47-7.45 (m, 6H), 13C NMR 

(100 MHz, CDCl3) δ 157.3, 144.4, 143.3, 131.9, 131.5, 130.7, 130.3, 130.1, 129.9, 128.7, 

128.1, 126.0; IR (cm-1): 1587.4, 1313.5, 1296.2; Anal. Calcd. for C32H18BBr4F2N3: C, 47.28; 

H, 2.23; N, 5.17. Found: C, 46.83; H, 2.32; N, 5.09; ES/MS calculated for 812.9 found 813.0. 

Synthesis Compound 5c: A solution of compound 4c (0.20 g, 0.31 mmol) in dry 

CH2Cl2 (60 mL) was added to N-bromosuccinimide (NBS) (0.12 g, 0.68 mmol), and the 

mixture was stirred at room temperature for 24 h. After the reaction was completed, the 

solvent was evaporated under reduced pressure. The residue was washed with water, and 

dried over sodium sulfate. The residual was purified by flash chromatography on silica eluting 

with hex/EtOAc (2:1) which gave the product as a dark blue solid (0.14 g, 56%), mp 245 °C. 

1HNMR (400 MHz, CDCl3) δ 7.74 (d, J = 8.4 Hz, 4H), 7.71 (d, J = 8.0 Hz, 4H), 7.60 (d, 

J=8.4 Hz, 4H), 7.50-7.47(m, 6H),13C NMR (100 MHz, CDCl3) δ 159.0, 144.3, 141.9, 146.0, 

132.3, 131.7, 131.3, 130.5, 129.6, 129.3, 128.3, 124.9, 110.8; IR (cm-1): 1587.4, 1274.9, 

1222.9; Anal. Calcd. for C32H18BBr4F2N3: C, 47.28; H, 2.23; N, 5.17. Found: C, 46.92; H, 

2.28; N, 5.11; ES/MS calculated for 812.9 found 813.1. 
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Synthesis Compound 5d: A solution of compound 4d (0.10 g, 0.13 mmol) in dry 

CH2Cl2 (20 mL) was added to N-bromosuccinimide (NBS) (0.05g, 0.28 mmol), and the 

mixture was stirred at room temperature for 24 h. After the reaction was completed, the 

solvent was evaporated under reduced pressure. The residue was washed with water, and 

dried over sodium sulfate. The residual was purified by flash chromatography on silica eluting 

with hex/EtOAc (2:1) which gave the product as a dark blue solid (0.05 g, 38%), mp>300 °C. 

1HNMR (400 MHz, CDCl3) δ  7.72 (d, J = 8.8 Hz, 4H), 7.64-7.58 (m, 12H), 13C NMR (100 

MHz, CDCl3) δ  144.3, 142.1, 132.0, 131.8, 131.5, 129.2, 127.8, 126.2, 124.9; IR (cm-1): 

1587.4, 1311.6, 1296.2; Anal. Calcd. for C32H16BBr6F2N3: C, 39.59; H, 1.66; N, 4.33. Found: 

C, 39.83; H, 1.41; N, 4.49. ES/MS calculated for 970.7 found 971.8. 

4.2 Optical Measurements 

The UV-Vis absorption spectra of aza-BODIPY derivatives were recorded using a scanning 

spectrophotometer (Shimadzu UV- 1800). The fluorescence measurements were obtained 

with a Perkin Elmer model LS 55 fluorescence spectrometer. All fluorescence spectra were 

obtained at 1x10-5 M concentration in THF solution by using 10 mm quartz cell. 

Ultrafast pump probe spectroscopy measurements were performed using Ti:Sapphire 

laser amplifier, optical parametric amplifier system with 45 fs pulse duration and 1 kHz 

repetition rate (Spectra Physics, Spitfire Pro XP, TOPAS). In order to investigate effect of the 

heavy atom on ISC mechanisms and excited state lifetime, commercial pump probe 

experimental setup (Spectra Physics, Helios) with white light continuum probe was used. The 

pump wavelength was chosen for ultrafast pump probe spectroscopy experiments according to 

maximum absorption wavelength of the investigated samples. Pulse duration was measured as 

120 fs inside the pump probe setup. 

Nonlinear optical absorption properties of aza-BODIPY derivatives were investigated 

by using open aperture (OA) Z-scan technique [55]. Laser source is mode-locked Ti:Sapphire 
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laser amplifier system with 800 nm wavelength, 1 ps pulse duration and  1 kHz repetition rate 

(Spectra Physics, Spitfire Pro XP, TOPAS). Laser beam was focused on solution in 1 mm 

thick cell by a lens with 20 cm focal length. Concentrations of the solutions for two photon 

absorption measurements were 0.005 M. 4a-d compounds have linear absorption at 800 nm 

wavelength for 0.005 M. Therefore, OA Z-scan experiments were not performed for these 

compounds. TPA properties of compounds 5a-d were investigated and compared with each 

other. 

4.3 DFT Calculation 

The DFT calculations were used for optimization of both singlet states and triplet states. The 

UV−Vis absorption and the energy level of the T1 state were calculated with the time 

dependent DFT (TDDFT), based on the optimized singlet ground state geometries (S0 state). 

The spin density surface of the complexes was calculated based on the optimized triplet state. 

All the calculations were performed at the B3LYP/GENECP/LANL2DZ level with Gaussian 

09W [56]. 
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Table 1. Optical Properties of Studied Compounds in THF. 

Sample λ
a

max(nm) λb
emis(nm) 

ε (M-1 cm-

1) Φfluo 
d

 

Stokes 
Shift 
(nm) 

FWHM 
(nm) 

σ2
c 

(GM) 

4a 650 682 84600 0.019 32 48 - 

4b 659 693 77800 0.028 34 51 - 

4c 658 690 66000 0.032 32 49 - 

4d 667 699 60700 0.043 32 53 - 

5a 645 685 75500 <0.001 40 51 347 

5b 651 685 45900 0.002 34 55 218 

5c 651 685 59300 0.001 34 52 444 

5d 657 685 39100 0.002 28 59 610 
aThe peak wavelength of absorption spectra  

b The peak wavelength of one-photon fluorescence with excitation wavelength  λabs 

c TPA cross section at  wavelength of 800 nm 

d Rodamine was used as a standard for fluorescence quantum yields   
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Table 2. Selected parameters for the vertical excitation (UV-Vis absorption and fluorescence 

emission) of the compounds. Electronic excitation energies (eV) and oscillator strengths (f), 

configurations of the low-lying excited states of 5a and its fluorescent precursors. THF was 

employed as solvent in the calculation. Calculated by B3LYP/6-31G(d)/ LANL2DZ, based 

on the optimized ground state geometries. 

 Electronic TDDFT/B3LYP/6-31G(d) 

  Excitation energy f b Compositionc CId 

Absorption 

 

S0→S1 2.13eV (581 nm) 0.7053 H→L 0.8445 

 S0→S3 2.50eV (495 nm) 0.2551 H−2→L 0.7047 

 S0→S15 4.48eV (277 nm) 0.3739 H→L+1 0.6525 

Triplet S0→T1 0.98eV (1267 nm) 0.0000e H→L 0.7153 

 S0→T2 1.98eV (627 nm) 0.0000 H−1→L 0.6896 

 S0→T3 2.07eV (599 nm) 0.0000 H−2→L+1 0.6884 

 

a Only selected excited states were considered. The numbers in parentheses are the excitation energy 

in wavelength. b Oscillator strength. c H stands for HOMO and L stands for LUMO. Only the main 

configurations are presented.d Coefficient of the wave function for each excitations. The CI 

coefficients are in absolute values.e No spin-orbital coupling effect was considered, thus the f values 

are zero. 
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Table 3. Electronic Excitation Energies (eV), Corresponding Oscillator Strengths (f), Main 

Configurations and CI Coefficients of the Low-Lying Electronic Excited States of the 4a. Calculated 

by TDDFT//B3LYP/6-31G(D)/LanL2DZ Based on the Optimized Ground State Geometries 

 TDDFT//B3LYP/6-31G(d) 
Electronic 
transition 

Energya(eV/nm) fb Compositionc CId 

S0→S1 2.05 / 605 0.8462 H→L 0.7082 

S0→S2 2.51 / 493 0.0098 H−1→L 0.6996 
S0→S3 2.61 / 474 0.3454 H−2→L 0.7027 
S0→S8 3.32 / 374 0.1977 H−7→L 0.6791 

H−5→L 0.1299 
H→L+1 0.1171 

S0→S23 3.79 / 327 0.1301 H−18→L 0.1519 

H−16→L 0.4603 
H−13→L 0.1567 

H−3→L+1 0.4788 
S0→S14 4.26 / 291 0.7034 H→L+1 0.5444 

H→L+3 0.4282 
S0→S21 5.08 / 244 0.2227 H−12→L 0.1165 

H−2→L+2 0.1865 
H−1→L+1 0.6218 
H−1→L+3 0.2173 

T0→T1 0.90 / 1378 0.0000e H→L 0.7205 
T0→T2 2.06 / 602 0.0000e H−1→L 0.6879 
T0→T3 2.14 / 580 0.0000e H−2→L 0.6850 

aOnly the selected low-lying excited states are presented. bOscillator strength. cOnly the main 

configurations are presented. dThe CI coefficients are inabsolute values.eNo spin-orbital coupling 

effect was considered, thus the f values are zero. 
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Figure Captions 

Figure 1. Normalized absorption spectra of studied compounds in THF (1×10-5M). The inset shows 

the shifts of maximum absorption wavelengths. 

Figure 2. Fluorescence spectra of studied compounds in THF (1×10-5M). 

Figure 3. Femtosecond transient absorption spectra of  (a) 4a (b) 5a compounds  in THF. 

Figure 4. Transient absorption spectra with different time delays for (a) 4a (b) 5a compounds. The 

excitation wavelengths are peak maximums of absorption spectrums. 

Figure 5.  (a) The position effect of heavy atom on transient absorption spectra at 650 nm probe 

wavelength. The figure inset indicates molecular structure of compounds. Femtosecond transient 

absorption spectra as a function of time of (b) 4a and (c) 5a. 

Figure 6. Effects of different number of heavy atoms on transient absorption spectra which are probed 

at bleach wavelength. The figure inset indicates molecular structure of compounds.  

Figure 7. Electron density maps of the frontier molecular orbitals of compound 4a based on the 

optimized ground state geometry. The solvent THF was considered in the calculations (PCM model). 

Calculated at the B3LYP/6-31G(d)/ LanL2DZ level with Gaussian 09W.  

Figure 8. Selected frontier molecular orbitals involved in the excitation, emission and triplet excited 

states of 5a. ISC stands for intersystem crossing. The calculations are at the B3LYP/6-31G(d)/ 

LANL2DZ level using Gaussian 09W. 

Figure 9. Spin density of the compounds 4a and  5a. Calculated based on the optimized triplet state by 

DFT at theB3LYP/6-31G(d)/LanL2DZ level using Gaussian 09W. 

Figure 10.Experimental results (symbols) and theoretical fits (solid line) of open aperture Z-scan 

experiments for 5a-d compounds at 80 GW/cm2 input intensity in THF, using 800 nm femtosecond 

pulses. 
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Fig. 1 
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Fig.2 
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Fig. 3 
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Fig. 4 

 

 

 

 

 

 

 

 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT
 

Fig. 5 
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Fig. 6 
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Fig. 7 
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Fig. 8 
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Fig. 9 
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Fig. 10 
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BF3OEt2, CH2Cl2
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N

N

R1R1
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B
-

F F

BrBr
CH2Cl2, NBS

1c R1= Br, R2=H
1d R1= Br; R2= Br

2a R1= H; R2= H
2b R1= H; R2= Br
2c R1= Br, R2=H
2d R1= Br; R2= Br

3a R1= H; R2= H
3b R1= H; R2= Br
3c R1= Br, R2=H
3d R1= Br; R2= Br

4a R1= H; R2= H
4b R1= H; R2= Br
4c R1= Br, R2=H
4d R1= Br; R2= Br

5a R1= H; R2= H
5b R1= H; R2= Br
5c R1= Br, R2=H
5d R1= Br; R2= Br

 
 

Scheme 1.  Synthesis of the aza-BODIPY Compounds (4a-d, 5a-d) 
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� The effects of heavy atom to two photon absorption for Aza-BODIPY 

� The effect of the number and position of heavy atom on intersystem crossing. 

� Two photon absorption properties of  Aza-BODIPY compounds for photodynamic 

therapy 
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1. SYNTHESIS AND CHARACTERIZATION 

 
Figure S1.  1H NMR spectra of the compound 4d in CD3Cl 

 

Figure S2.  1H NMR spectra of the compound 5b in CD3Cl 
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Figure S3.  13C NMR spectra of the compound 5b in CD3Cl 
 

 

Figure S4.  LC-MS spectra of the compound 5b  
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Figure S5.  1H NMR spectra of the compound 5c in CD3Cl 
 

 
Figure S6.  13C NMR spectra of the compound 5c in CD3Cl 
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Figure S7.  LC-MS spectra of the compound 5c  
 
 

Figure S8.  1H NMR spectra of the compound 5d in CD3Cl 
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2. ULTRAFAST PUMP PROBE SPECTROSCOPY 

 

Figure S9.  Transient absorption spectra of 4b compound with different time delays 

 

 

Figure S10.  Transient absorption spectra of 4c compound with different time delays 
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Figure S11.  Transient absorption spectra of 4d compound with different time delays 

 

 

Figure S12.  Transient absorption spectra of 5b compound with different time delays 
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Figure S13.  Transient absorption spectra of 5c compound with different time delays 

 

 

Figure S14.  Transient absorption spectra of 5d compound with different time delays 
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Figure S15.  Transient absorption spectra of (a) 4c and (b) 5c compounds with different time 
delays 

 

Figure S16.  Transient absorption spectra of (a) 4d and (b) 5d compounds with different time 
delays 

 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT
 

 

10 
 

 

Figure S17.  Transient absorption spectra of (a) 4b and (b) 5b compounds with different time 
delays 
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3. DFT CALCULATION 
 

Table S1. Electronic Excitation Energies (Ev), Corresponding Oscillator Strengths (f), Main 

Configurations and CI Coefficients of the Low-Lying Electronic Excited States of the 4a. 

Calculated by TDDFT//B3LYP/6-31G(D)/LanL2DZ Based on the Optimized Ground State 

Geometries 

 TDDFT//B3LYP/6-31G(d) 
Electronic 
transition 

Energya 
(eV/nm) 

fb Compositionc CId 

S0→S1 2.05 / 605 0.8462 H→L 0.7082 

S0→S2 2.51 / 493 0.0098 H−1→L 0.6996 
S0→S3 2.61 / 474 0.3454 H−2→L 0.7027 
S0→S8 3.32 / 374 0.1977 H−7→L 0.6791 

H−5→L 0.1299 
H→L+1 0.1171 

S0→S23 3.79 / 327 0.1301 H−18→L 0.1519 

H−16→L 0.4603 
H−13→L 0.1567 

H−3→L+1 0.4788 
S0→S14 4.26 / 291 0.7034 H→L+1 0.5444 

H→L+3 0.4282 
S0→S21 5.08 / 244 0.2227 H−12→L 0.1165 

H−2→L+2 0.1865 
H−1→L+1 0.6218 
H−1→L+3 0.2173 

T0→T1 0.899 / 1378 0.0000 e H→L 0.7205 
T0→T2 2.06 / 602 0.0000 e H−1→L 0.6879 
T0→T3 2.14 / 580 0.0000 e H−2→L 0.6850 

 

a Only the selected low-lying excited states are presented. b Oscillator strength. c Only the 

main configurations are presented. d The CI coefficients are in absolute values. e No spin-

orbital coupling effect was considered, thus the f values are zero. 
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Figure S18.  Electron density maps of the frontier molecular orbitals of compound 4a based 

on the optimized ground state geometry. The solvent THF was considered in the calculations 

(PCM model). Calculated at the B3LYP/6-31G(d)/ LanL2DZ level with Gaussian 09W. 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure S19.  Spin density of the compound 4a. Calculated based on the optimized triplet state 

by DFT at the B3LYP/6-31G(d)/LanL2DZ level using Gaussian 09W. 
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Table S2. Electronic Excitation Energies (Ev), Corresponding Oscillator Strengths (f), Main 

Configurations and CI Coefficients of the Low-Lying Electronic Excited States of the 4b. 

Calculated by TDDFT//B3LYP/6-31G(D)/LanL2DZ Based on the Optimized Ground State 

Geometries 

 TDDFT//B3LYP/6-31G(d) 
Electronic 
transition 

Energya 
(eV/nm) 

fb Compositionc CId 

S0→S1 2.02 / 616 0.8861 H→L 0.7078 

S0→S2 2.46 / 503 0.0151 H−1→L 0.6998 
S0→S3 2.56 / 484 0.3956 H−2→L 0.7026 
S0→S6 3.15 / 393 0.2235 H−4→L 0.4953 

H−3→L 0.4858 
H→L+1 0.1011 

S0→S13 4.12 / 301 0.5975 H−13→L 0.1702 

H−11→L 0.1914 
H→L+1 0.6189 

H→L+3 0.1651 
S0→S26 4.92 / 252 0.1311 H−2→L+2 0.1501 

H−1→L+1 0.6513 
H−1→L+3 0.1053 
H→L+8 0.1423 

T0→T1 0.894 / 1386 0.0000 e H→L 0.7188 
T0→T2 2.02 / 613 0.0000 e H−1→L 0.6863 
T0→T3 2.10 / 592 0.0000 e H−2→L 0.6831 

 

a Only the selected low-lying excited states are presented. b Oscillator strength. c Only the 

main configurations are presented. d The CI coefficients are in absolute values. e No spin-

orbital coupling effect was considered, thus the f values are zero. 
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Figure S20. Electron density maps of the frontier molecular orbitals of compound 4b based 

on the optimized ground state geometry. The solvent THF was considered in the calculations 

(PCM model). Calculated at the B3LYP/6-31G(d)/ LanL2DZ level with Gaussian 09W. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure S21. Spin density of the compound 4b. Calculated based on the optimized triplet state 

by DFT at the B3LYP/6-31G(d)/LanL2DZ level using Gaussian 09W. 
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Table S3. Electronic Excitation Energies (Ev), Corresponding Oscillator Strengths (f), Main 

Configurations and CI Coefficients of the Low-Lying Electronic Excited States of the 4c. 

Calculated by TDDFT//B3LYP/6-31G(D)/LanL2DZ Based on the Optimized Ground State 

Geometries 

 TDDFT//B3LYP/6-31G(d) 
Electronic 
transition 

Energya 
(eV/nm) 

fb Compositionc CId 

S0→S1 2.01 / 614 0.8613 H→L 0.7073 

S0→S2 2.49 /497 0.0083 H−1→L 0.6975 
S0→S3 2.58 / 480 0.4123 H−2→L 0.7026 
S0→S6 3.26 / 381 0.2160 H−5→L 0.6818 

H−3→L 0.1027 
H→L+3 0.1085 

S0→S13 4.14 / 300 0.4870 H→L+1 0.6655 
H→L+3 0.2236 

S0→S17 4.32 / 287 0.3246 H−5→L 0.1093 
H→L+1 0.2060 
H→L+3 0.6430 
H→L+4 0.1150 

S0→S27 5.00 / 248 0.5936 H−1→L+1 0.6378 
H−1→L+3 0.2534 

T0→T1 0.884 / 1403 0.0000 e H→L 0.7202 
T0→T2 2.05 / 604 0.0000 e H−9→L 0.1006 

H−8→L 0.1159 
H−1→L 0.6797 

T0→T3 2.13 / 581 0.0000 e H−10→L 0.1441 
H−2→L 0.6770 

 

a Only the selected low-lying excited states are presented. b Oscillator strength. c Only the 

main configurations are presented. d The CI coefficients are in absolute values. e No spin-

orbital coupling effect was considered, thus the f values are zero. 
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Figure S22. Electron density maps of the frontier molecular orbitals of compound 4c based 

on the optimized ground state geometry. The solvent THF was considered in the calculations 

(PCM model). Calculated at the B3LYP/6-31G(d)/ LanL2DZ level with Gaussian 09W. 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure S23. Spin density of the compound 4c. Calculated based on the optimized triplet state 

by DFT at the B3LYP/6-31G(d)/LanL2DZ level using Gaussian 09W. 
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Table S4. Electronic Excitation Energies (Ev), Corresponding Oscillator Strengths (f), Main 

Configurations and CI Coefficients of the Low-Lying Electronic Excited States of the 4d. 

Calculated by TDDFT//B3LYP/6-31G(D)/LanL2DZ Based on the Optimized Ground State 

Geometries 

 TDDFT//B3LYP/6-31G(d) 
Electronic 
transition 

Energya 
(eV/nm) 

fb Compositionc CId 

S0→S1 2.07 / 599 0.8610 H→L 0.7020 

S0→S2 2.33 /533 0.0099 H−1→L 0.6983 
S0→S3 2.41 / 514 0.3446 H−2→L 0.7037 
S0→S4 2.88 / 431 0.1858 H−3→L 0.7001 
S0→S21 4.36 / 284 0.4710 H−17→L 0.3612 

H→L+1 0.4775 
H→L+2 0.1920 
H→L+3 0.2907 

T0→T1 0.964 / 1286 0.0000 e H−10→L 0.1070 
H→L 0.7109 

T0→T2 1.93 / 642 0.0000 e H−10→L 0.1323 
H−1→L 0.6787 

T0→T3 2.01 / 615 0.0000 e H−9→L 0.1516 
H−2→L 0.6778 

 

a Only the selected low-lying excited states are presented. b Oscillator strength. c Only the 

main configurations are presented. d The CI coefficients are in absolute values. e No spin-

orbital coupling effect was considered, thus the f values are zero. 
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Figure S24. Electron density maps of the frontier molecular orbitals of compound 4d based 

on the optimized ground state geometry. The solvent THF was considered in the calculations 

(PCM model). Calculated at the B3LYP/6-31G(d)/ LanL2DZ level with Gaussian 09W. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Figure S25. Spin density of the compound 4d. Calculated based on the optimized triplet state 

by DFT at the B3LYP/6-31G(d)/LanL2DZ level using Gaussian 09W. 
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Table S5. Selected parameters for the vertical excitation (UV-vis absorption and fluorescence 

emission) of the compounds. Electronic excitation energies (eV) and oscillator strengths (f), 

configurations of the low-lying excited states of 5a and its fluorescent precursors. THF was 

employed as solvent in the calculation. Calculated by B3LYP/6-31G(d)/ LANL2DZ, based on 

the optimized ground state geometries. 

 
Electronic                                TDDFT/B3LYP/6-31G(d) 

  Excitation  f b Compositionc CId 

Absorption 

 

S0 → S1 2.13 eV (581 

nm) 

0.7053 H→ L 0.8445 

 S0 → S3 2.50 eV (495 0.2551 H−2→ L 0.7047 

 S0 → S15 4.48eV (277 

nm) 

0.3739 H→ L+1 0.6525 

Triplet S0 → T1 0.98 eV (1267 0.0000 e H→ L 0.7153 

 S0 → T2 1.98 eV (627 0.0000 H−1 → L 0.6896 

 S0 → T3 2.07 eV (599 0.0000 H−2→L+1 0.6884 

 

a Only selected excited states were considered. The numbers in parentheses are the 

excitation energy in wavelength. b Oscillator strength. c H stands for HOMO and L stands for 

LUMO. Only the main configurations are presented. d Coefficient of the wave function for 

each excitations. The CI coefficients are in absolute values. e No spin-orbital coupling effect 

was considered, thus the f values are zero. 
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Figure S26. Selected frontier molecular orbitals involved in the excitation, emission and 

triplet excited states of 5a. CT stands for conformation transformation. The calculations are at 

the B3LYP/6-31G(d)/ LANL2DZ level using Gaussian 09W. 
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Table S6. Selected parameters for the vertical excitation (UV-vis absorption and fluorescence 

emission) of the compounds. Electronic excitation energies (eV) and oscillator strengths (f), 

configurations of the low-lying excited states of 5b and its fluorescent precursors. THF was 

employed as solvent in the calculation. Calculated by B3LYP/6-31G(d)/ LANL2DZ, based on 

the optimized ground state geometries. 

 
 Electronic                                TDDFT/B3LYP/6-31G(d) 

  Excitation  f b Compositionc CId 

Absorption 

 

S0 → S1 2.11 eV (589 

nm) 

0.8629 H→ L 0.7040 

 S0 → S3 2.46 eV (505 0.2847 H−2→ L 0.7046 

 S0 → S17 4.33eV (286 

nm) 

0.3894 H→ L+1 0.6475 

Triplet S0 → T1 0.98 eV (1268 0.0000 e H→ L 0.7124 

 S0 → T2 1.94 eV (638 0.0000 H−1 → L 0.6893 

 S0 → T3 2.03 eV (611 0.0000 H−2→L 0.6876 

 

a Only selected excited states were considered. The numbers in parentheses are the 

excitation energy in wavelength. b Oscillator strength. c H stands for HOMO and L stands for 

LUMO. Only the main configurations are presented. d Coefficient of the wave function for 

each excitations. The CI coefficients are in absolute values. e No spin-orbital coupling effect 

was considered, thus the f values are zero. 
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Figure S27. Selected frontier molecular orbitals involved in the excitation, emission and 

triplet excited states of 5b. CT stands for conformation transformation. The calculations are at 

the B3LYP/6-31G(d)/ LANL2DZ level using Gaussian 09W. 
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Table S8. Selected parameters for the vertical excitation (UV-vis absorption and fluorescence 

emission) of the compounds. Electronic excitation energies (eV) and oscillator strengths (f), 

configurations of the low-lying excited states of 5c and its fluorescent precursors. THF was 

employed as solvent in the calculation. Calculated by B3LYP/6-31G(d)/ LANL2DZ, based on 

the optimized ground state geometries. 

 
 Electronic                                TDDFT/B3LYP/6-31G(d) 

  Excitation  f b Compositionc CId 

Absorption 

 

S0 → S1 2.10 eV (590 

nm) 

0.8464 H→ L 0.7035 

 S0 → S3 2.47 eV (505 0.3093 H−2→ L 0.7037 

 S0 → S17 4.38eV (283 

nm) 

0.2372 H→ L+1 0.6584 

Triplet S0 → T1 0.96 eV (1287 0.0000 e H→ L 0.7144 

 S0 → T2 1.97 eV (630 0.0000 H−1 → L 0.6797 

 S0 → T3 2.05 eV 0.0000 H−2→L 0.6785 

 

a Only selected excited states were considered. The numbers in parentheses are the 

excitation energy in wavelength. b Oscillator strength. c H stands for HOMO and L stands for 

LUMO. Only the main configurations are presented. d Coefficient of the wave function for 

each excitations. The CI coefficients are in absolute values. e No spin-orbital coupling effect 

was considered, thus the f values are zero. 
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Figure S28. Selected frontier molecular orbitals involved in the excitation, emission and 

triplet excited states of 5c. CT stands for conformation transformation. The calculations are at 

the B3LYP/6-31G(d)/ LANL2DZ level using Gaussian 09W. 
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Table S9. Selected parameters for the vertical excitation (UV-vis absorption and fluorescence 

emission) of the compounds. Electronic excitation energies (eV) and oscillator strengths (f), 

configurations of the low-lying excited states of 5d and its fluorescent precursors. THF was 

employed as solvent in the calculation. Calculated by B3LYP/6-31G(d)/ LANL2DZ, based on 

the optimized ground state geometries. 

 
 Electronic                                TDDFT/B3LYP/6-31G(d) 

  Excitation  f b Compositionc CId 

Absorption 

 

S0 → S1 2.07 eV (599 

nm) 

0.810 H→ L 0.7035 

 S0 → S3 2.41 eV (514 0.3446 H−2→ L 0.7037 

 S0 → S17 4.36eV 

(284nm) 

0.4701 H→ L+1 0.4775 

Triplet S0 → T1 0.96eV (nm) 0.0000 e H→ L 0.7109 

 S0 → T2 1.93 eV (nm) 0.0000 H−1→ L 0.6787 

 S0 → T3 2.01eV (nm) 0.0000 H−2→ L 0.6778 

 

a Only selected excited states were considered. The numbers in parentheses are the 

excitation energy in wavelength. b Oscillator strength. c H stands for HOMO and L stands for 

LUMO. Only the main configurations are presented. d Coefficient of the wave function for 

each excitations. The CI coefficients are in absolute values. e No spin-orbital coupling effect 

was considered, thus the f values are zero. 
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Figure S29. Selected frontier molecular orbitals involved in the excitation, emission and 

triplet excited states of 5d. CT stands for conformation transformation. The calculations are at 

the B3LYP/6-31G(d)/ LANL2DZ level using Gaussian 09W. 
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Figure S30. Spin density of the complexes 5a, 5b, 5c, and 5d. Calculated based on the 

optimized triplet state by DFT at the B3LYP/GENECP/LanL2DZ level by using Gaussian 

09W. 

4. TWO PHOTON ABSORPTION  

 

Figure S31. Absorption spectra of 4a-d compounds at 0.005 M in THF. 
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Figure S32. Absorption spectra of 5a-d compounds at 0.005 M in THF. 
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