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Chemicals.   

 2,7,12,17-Tetra-n-propyl porphycene (1) was synthesized as described in the literature.S1  

Tetraphenyl porphyrin and 2,6-dichlorophenyl porphyrin were purchased from Tokyokasei (TCI, Japan) 

and used as received.  Toluene and dichloromethane were of spectroscopic grade (DOJINDO, Japan).  

The bromobenzene was purchased from WAKO (Japan) and distilled before use.  

1,5-Dihydroxynaphthalene was purchased from Nacalai-tesque (Japan) and used as received. 

 

Instrumentation.   

 The elemental analyses were obtained from the Service Center of Elementary Analysis of Organic 

Compounds at Kyushu University.  The 1H, 13C, COSY, and HMQC-NMR spectra were recorded by a 

Bruker Avance 500 spectrometer installed at the Center of Advanced Instrumental Analysis at Kyushu 

University, and the chemical shifts (in ppm) were referenced relative to the residual protic solvent peak.  

The GC-mass spectra were obtained using a Shimadzu GC-QP5050A equipped with a J&W Scientific 

DB-1 column (length 30 m; ID 0.25 mm, film 0.25 µm).  The UV-vis absorption spectra were measured 

using a Hitachi U-3300 spectrophotometer at room temperature.  The fluorescence and phosphorescence 

spectra were measured by a HORIBA SPEX Fluorolog-NIR spectrophotometer in toluene and 

bromobenzene at room temperature.  The IR spectra were recorded by a JASCO FT-IR 460 plus KH 

spectrophotometer using KBr discs.  The FAB positive ion mass spectra were obtained from the 

NBA matrix using a JEOL JMS SX102 mass spectrometer.  The MALDI-TOF mass spectra 

were obtained by a Bruker autoflex II using 6-aza-2-thiothymine as the matrix.  The UV-vis, fluorescence, 

and phosphorescence spectra of a series of porphycenes (1~5) are shown in Figs. 1, S1, and S2, 

respectively. 

 

Photophysical Measurements.   

 The Φ
f
 values of 1, 2, and 3 were measured using an absolute photoluminescence quantum 

efficiency measurement system (Hamamatsu C9920-02) incorporating an integrating sphere.  To measure 

the Φ
f
, degassed solutions of the porphycenes in toluene were prepared and the concentration was adjusted 

so that the absorbance of the solution at 337 nm would be lower than 0.1.  The excitation was performed 

at 337 nm.  The Φ
f
 values of 4 and 5 were determined by the comparative method of Williams et alS2 
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where 2,7,12,17-tetra-n-propyl porphycene (1) was used as the standard.  The solutions of the standard (1) 

and test samples (4 and 5) with identical absorbances at the same excitation wavelength can be assumed to 

be absorbing the same number of photons.  Thus, a simple ratio of the integrated fluorescence intensities 

of both solutions will yield the ratio of the quantum yield values.  To measure Φ
f
 using this method, 

degassed solutions of the porphycenes (4 and 5) in toluene were prepared and the concentration was also 

adjusted so that the absorbance of the solution at 337 nm would be 0.1.  The excitation was performed at 

337 nm.   

 The transient photoluminescence was measured using a streak camera (Hamamatsu C4780) with a 

laser diode (LD)  (λ = 375 nm, pulse width ~200 ps, and repetition rate ~100 MHz) as the excitation 

source.  The fluorescence lifetimes (τS) were determined by curve fitting using a microcomputer.  The 

measurement was carried out using a degassed solution in toluene and the concentration was adjusted to 

4.3x10-6 M.  The τS was also determined by time-correlated single photon counting using a HORIBA 

FluoroCube.  A light-emitting diode (LED) at 370 nm was used for the excitation.  For samples 2, 3, 4, 

and 5, two components of the fluorescence decay kinetics were observed.  The main component was used 

to determine τs.   

 The transient absorbance spectra were obtained using a laser flash photolysis system (Unisoku 

TSP-1000M).  To measure the transient absorbance spectra, strictly degassed solutions through several 

freeze-pump-thaw cycles of the porphycenes in toluene were prepared and the concentration was adjusted 

so that the absorbance of the solution at 337 nm would be less than 0.1.  A Xe arc lamp was employed as 

the source of the probe light to follow the spectral changes.  For the laser flash photolysis, a sample was 

excited with 5 ns pulses (532 nm) from a Q-switched Nd:YAG laser (Surelite I, Continuum).  The time 

course of the absorbance decay was analyzed by single-phase kinetics to determine the lifetimes of the 

triplet state (τT).  The rate constant for the oxygen quenching (kq) was determined from a Stern-Volmer 

analysis of the triplet lifetime in degassed, air-, and oxygen-saturated solutions as shown in Fig. S3.  The 

measurements for both the air- and oxygen-saturated solutions were performed under similar conditions.  

The concentration of oxygen for the samples in air (0.0021 M-1) and dioxygen (0.00988 M-1) was estimated 

from published oxygen solubility data.S3 

 For the singlet oxygen phosphorescence measurements, an air-saturated toluene solution containing 

the sample in a quartz cell (optical path length 10 mm) was excited at 600 nm using a HORIBA SPEX 
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Fluorolog-NIR at room temperature.  Each ΦΔ value (2-5) was determined from the slope of the plot with 

an intensity at 1270 nm versus [porphycene] based on 1 as the standard (ΦΔ = 0.36) as shown in Fig. S4.     

 

X-ray crystallography.   

     Crystals (2-5) suitable for an X-ray analysis were grown by slow evaporation from a 

dichloromethane/n-hexane solution of the sample at room temperature.  A crystal with the approximate 

dimensions was mounted on a glass fiber, and used for the X-ray diffraction study.  Measurements were 

made using a Bruker SMART APEX CCD detector with graphite-monochromated Mo Kα radiation (λ = 

0.71073 Å) and a 2 kW rotating anode generator.  In the case of 2, the data were collected at 100 K to a 

maximum θ value of 56.56˚ in 0.30˚ oscillations with 12.0 s exposure times.  The crystal-to-detector 

distance was 50.00 mm, and the detector swing angle was 28.00˚.  A total of 5068 reflections were 

collected, of which 4014 were unique (Rint = 0.0229).   

     The data frames were integrated using SAINT (Version 6.45) and merged to give a unique data set 

for the structure determination.  Empirical absorption corrections by SADABSS4 were carried out. 

 The structures were solved by a direct method, and refined by the full-matrix least-squares method 

for all F2 data using the SHELX suite of programs.S5  The non-hydrogen atoms were anisotropically 

refined.  Hydrogen atoms were included in the structure factor calculation, but not refined.  The crystal 

data and details of the structure determinations are summarized in Table S3.  Other crystals (3, 4, 5) were 

also treated in a similar way, and their crystal data and details of the structure determinations are 

summarized in Tables S3 and S4.  As for compounds 2 (mono-brominated porphycene) and 4 

(tri-brominated porphycene), the structures display a partial disorder at the location of the peripheral 

bromine atoms.  Thus only the bromines having a major occupancy are shown in Fig. 2.  

Crystallographic data of 2-5 have been deposited with the Cambridge Crystallographic Data Center as 

supplementary publication no. CCDC 677018 (2), CCDC 677019 (3), CCDC 677020 (4), CCDC 677022 

(5).  Copies of the data can be obtained free of charge on application to CCDC, 12 Union Road, 

Cambridge CB21EZ, UK. 

 

Synthesis of mono-brominated porphycene (2). 

Five µL of bromine (100 mmol) was diluted with 10 mL of CCl4 and added to a vigorously stirred 
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mixture of a solution of 2,7,12,17-tetra-n-propyl porphycene 1 (50 mg, 100 mmol) in CCl4 (30 mL) and a 

2.5 % aqueous sodium acetate solution (20 mL) over 5 min at room temperature.  The mixture was stirred 

for 1 h.  A saturated aqueous solution of sodium thiosulfate was added to the reaction mixture and the 

organic layer was washed three times with water.  The resulting solution was dried over anhydrous 

MgSO4, evaporated under reduced pressure and then chromatographed on silica gel (Silica Gel 60N, 

spherical, neutral; column size: φ 5 30 cm) using dichloromethane/n-hexane (1:6) as the eluent.  The 

first fraction contained the di-substituted compound 3 and the second contained the mono-substituted 

compound 2.  Recrystallization from dichloromethane/n-hexane (1:1) gave compound 2 as violet needles 

(33 mg, 57 %). 

UV-vis (CH2Cl2): λmax [nm] (ε) = 371 (125000), 383 (102000), 567 (34700), 607 (284000), 641 

(438000).  HRMS (FAB): Calcd. for C32H37N4Br1
+, 556.2202. Found, 556.2256.  Anal. Calcd. for 

C32H37N4Br1: C, 48.93; H, 6.69; N, 10.05. Found: C, 48.01; H, 6.62; N, 9.80.  1H-NMR (CDCl3, 293 K): δ 

[ppm] = 1.29-1.35 (m, 12H, -CH3), 2.25-2.44 (m, 8H, β-CH2-), 2.36 (br s, 1H, NH), 2.65 (br s, 1H, NH), 

3.96-4.05 (m, 8H, α-CH2-), 9.24 (s, 1H, β-pyrrole), 9.35 (s, 1H, β-pyrrole), 9.60-9.73 (m, 4H, methine), 

10.14 (s, 1H, β-pyrrole).  13C-NMR (CDCl3, 298 K) δ [ppm] = 148.71, 147.60, 145.13, 144.91, 143.81, 

142.71, 139.35, 138.67, 138.03, 133.37, 131.50, 130.91, 124.08, 122.76, 121.95, 114.83, 112.74, 112.07, 

109.77, 108.83, 30.55, 30.48, 30.34, 29.71, 25.71, 25.52, 25.23, 25.11, 14.53, 14.49. 

 The synthetic conditions for a series of brominated porphycenes are summarized in Table S2. 

 

Synthesis of di-brominated porphycene (3). 

Ten µL of bromine (200 mmol) was diluted with 10 mL of CCl4 and added to a vigorously stirred 

mixture of a solution of 2,7,12,17-tetra-n-propyl porphycene 1 (50 mg, 100 mmol) in CCl4 (30 mL) and a 

2.5 % aqueous sodium acetate solution (20 mL) over 5 min at room temperature.  The solution was stirred 

for 1 h.  A saturated aqueous solution of sodium thiosulfate was added to the reaction mixture and the 

organic layer was washed three times with water.  The resulting solution was dried over anhydrous 

MgSO4, evaporated under reduced pressure and then chromatographed on silica gel (Silica Gel 60N, 

spherical, neutral; column size: φ 5 30 cm) using dichloromethane/n-hexane (1:6) as the eluent.  The 

first fraction contained the di-substituted compound 3, and the second contained the mono-substituted 

compound 2.  Recrystallization from dichloromethane/n-hexane (1:1) gave compound 3 as violet needles 

(47 mg, 70 %). 

UV-vis (CH2Cl2): λmax [nm] (ε) = 372 (132000), 385 (133000), 571 (40700), 613 (29000), 649 

Supplementary Material (ESI) for Chemical Communications
This journal is (c) The Royal Society of Chemistry 2008



(47300).  HRMS (FAB): Calcd. for C32H36N4Br2
+, 634.1307. Found, 634.1401.  Anal. Calcd. for 

C32H36N4Br2: C, 60.39; H, 5.70; N, 8.80. Found: C, 60.04; H, 5.66; N, 8.72.  1H-NMR (CDCl3, 293 K): δ 

[ppm] = 1.29 (t, 6H, -CH3), 1.34 (t, 6H, -CH3), 1.69 (br s, 2H, NH), 2.26 (m, 4H, β-CH2-), 2.42 (m, 4H, 

β-CH2-), 3.92 (t, 4H, α-CH2-), 4.04 (t, 4H, α-CH2-), 9.67 (d, 2H, methine), 9.73 (d, 2H, methine), 10.16 (s, 

2H, b-pyrrole).  13C-NMR (CDCl3, 298 K):  δ [ppm] = 147.50, 146.33, 142.97, 136.91, 135.23, 129.90, 

122.52, 115.62, 113.41, 108.80, 30.41, 29.72, 25.66, 25.44, 14.55, 14.51. 

 

Synthesis of tri-brominated porphycene (4). 

Fifteen µL of bromine (300 mmol) was diluted with 10 mL of CCl4 and added to a vigorously 

stirred mixture of a solution of 2,7,12,17-tetra-n-propyl porphycene 1 (53 mg, 110 mmol) in CCl4 (30 mL) 

and a 2.5 % aqueous sodium acetate solution (20 mL) over 5 min at room temperature.  The solution was 

stirred for 1 h.  A saturated aqueous solution of sodium thiosulfate was added to the reaction mixture and 

the organic layer was washed three times with water.  The resulting solution was dried over anhydrous 

MgSO4, evaporated under reduced pressure and then chromatographed on silica gel (Silica Gel 60N, 

spherical, neutral; column size: φ 5 100 cm) using dichloromethane/n-hexane (1:6) as the eluent.  The 

first fraction contained a mixture of polybrominated compounds (not identified), the second contained the 

di-substituted compound 3, the third contained the tri-substituted compound 4, and the fourth contained the 

tetra-substituted compound 5.  Recrystallization from dichloromethane/n-hexane (1:1) gave compound 4 

as violet needles (32 mg, 40 %).  

 UV-vis (CH2Cl2): λmax [nm] (ε) = 375 (113000), 387 (108000), 579 (34000), 625 (23800), 665 

(34600).  HRMS (FAB): Calcd. for C32H35N4Br3
+, 712.0412. Found, 712.0252.  Anal. Calcd. for 

C32H35N4Br3 : C, 53.73; H, 4.93; N, 7.83. Found: C, 53.54; H, 4.92; N, 7.75.  1H-NMR (CDCl3, 273 K): δ 

[ppm] = 1.25-1.31 (m, 12H, -CH3), 1.47 (br s, 1H, NH), 1.51 (br s, 1H, NH), 2.10-2.43 (m, 8H, β-CH2-), 

3.79-3.94 (m, 8H, α-CH2-), 9.48 (d, 1H, methine), 9.49 (d, 1H, methine), 9.58 (d, 1H, methine), 9.70 (d, 1H, 

methine), 10.04 (s, 1H, β-pyrrole).  13C-NMR (CDCl3, 298 K):  δ [ppm] = 147.76, 147.03, 146.56, 

146.03, 144.66, 142.11, 139.58, 138.00, 136.10, 134.64, 132.20, 130.09, 123.34, 115.97, 115.35, 112.72, 

111.74, 111.46, 110.22, 108.80, 30.38, 30.27, 30.08, 29.63, 25.47, 25.40, 25.21, 14.68, 14.61, 14.51, 14.49. 

 

Synthesis of tetra-brominated porphycene (5). 

Thirty µL of bromine (600 mmol) was diluted with 10 mL of CCl4 and added to a vigorously 

stirred mixture of a solution of 2,7,12,17-tetra-n-propyl porphycene 1 (53 mg, 110 mmol) in CCl4 (30 mL) 
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and a 2.5 % aqueous sodium acetate solution (20 mL) over 10 min at room temperature. The solution was 

stirred for 1h.  A saturated aqueous solution of sodium thiosulfate was added to the reaction mixture and 

the organic layer was washed three times with water.  The resulting solution was dried over anhydrous 

MgSO4, evaporated under reduced pressure and then chromatographed on silica gel (Silica Gel 60N, 

spherical, neutral; column size: φ 5 100 cm) using dichloromethane/n-hexane (1:6) as the eluent.  The 

first and second fractions contained a mixture of polybrominated compounds (not identified), the third 

contained a penta-substituted compound, the fourth contained the tri-substituted compound 4, and the fifth 

contained the tetra-substituted compound 5.  Recrystallization from dichloromethane/n-hexane (1:1) gave 

compound 5 as violet prisms (25 mg, 30 %).  

 UV-vis (CH2Cl2): λmax [nm] (ε) = 379 (107000), 590 (36000), 640 (20600), 684 (29000).  

TOF-MS (MALDI): m/z = 795.7 (M+H)+.  Anal. Calcd. for C32H34N4Br4: C, 48.39; H, 4.31; N, 7.05. 

Found: C, 48.22; H, 4.31; N, 7.05.  1H-NMR (CDCl3, 263 K): δ [ppm] = 1.15 (br s, 2H, NH), 1.21 (t, 12H, 

-CH3), 2.06 (m, 8H, β-CH2-), 3.78 (t, 8H, α-CH2-), 9.48 (s, 4H, methine).  13C-NMR (CDCl3, 298 K): δ 

[ppm] = 148.50, 147.38, 144.86, 144.69, 143.52, 142.40, 138.98, 138.30, 137.79, 133.09, 131.16, 130.57, 

123.84, 122.47, 121.66, 114.64, 112.52, 111.83, 109.51, 108.53, 30.47, 30.23, 29.63, 25.70, 25.42, 25.11, 

24.99, 14.55, 14.49. 

 

General Procedures of the Photoreaction. 

A typical example of the photoreaction catalyzed by a sensitizer is shown below.  A 3 mL 

dichloromethane/methanol (9:1 v/v) solution of porphycene (1.28 x 10-6 M) and 1,5-dihydroxynaphthalene 

(3.33 x 10-3 M) was stirred in air under irradiation of a 500 W tungsten-lamp through a cut-off filter 

(TOSHIBA Y-46, >460 nm).  The progress of the reaction was monitored by absorption at 427 nm typical 

for the product, 5-hydroxy-1,4-naphthoquinone (Juglone).S6  1H-NMR (CDCl3, 293 K): δ [ppm] = 6.94 (s, 

2H), 7.27 (dd, 1H), 7.60-7.65 (m, 2H), 11.90 (s, 1H, OH), GC-MS (EI): m/z = 174 (M+). 

 

General Procedures of the Stability Test of Photosensitizer. 

    A dichloromethane/methanol (9:1 v/v) solution of porphycene (4.0 x 10-6 M) was irradiated by a 500 

W tungsten-lamp through a cut-off filter (TOSHIBA Y-46, >460 nm).  The intensity of the UV-vis 

absorption at 372 nm in the case of 3 was monitored every 1 or 2 h.   Survival of the compound was 

expressed as (Abs./Abs.0) x 100 %) as shown in Fig. S5. 
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Figure S1  (a) Fluorescence spectra of a series of brominated 
porphycenes.  (b) x 50 of X axis (intensity) for (a).  
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Figure S2  Phosphorescence spectra of a series of brominated 
porphycenes.  Data shown are difference spectra, an anaerobic 
condition minus an aerobic condition. 
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Figure S3  Plots of decay rate constant(kq) vs [O2]. 
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Figure S4  Plot of the luminescence intensity at 1270 nm vs. absorbance of the 

senseitizer. 

Figure S5  Plot of the survival rate of the sensitizer vs. visible light irradiation time. 
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