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INTRODUCTION

The design and synthesis of near infrared (NIR) 
absorption materials that possess large absorptive 

oscillator strengths and high fluorescence quantum 
yields are important to molecular imaging [1–5] and 
solar energy conversion technologies [6–10]. Likewise, 
the efficient utilization of NIR sunlight is a key feature 
of natural photosynthesis, which exploits NIR-absorbing 
dyes such as chlorophylls and pheophytins [11]. Relative 
to the tremendous attention that has been paid to the 
design and synthesis of low band gap chromophores 
and materials [12–19], much less focus has been given 
to the development of strategies that channel enhanced 
oscillator strength into the low energy optical transitions 

Design of diethynyl porphyrin derivatives with high near 
infrared fluorescence quantum yields

Kimihiro Susumua,c,d and Michael J. Therien*b◊

a Department of Chemistry, 231 South 34th Street, University of Pennsylvania, Philadelphia, PA 19104-6323, USA 
b Department of Chemistry, French Family Science Center, 124 Science Drive, Duke University, Durham,  
NC 27708-0346, USA

Dedicated to Professor Shunichi Fukuzumi on the occasion of his retirement

Received 6 October 2014
Accepted 11 November 2014
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4′-yl]ethynyl)-10,20-bis[2′,6′-bis(3″,3″-dimethyl-1″-butyloxy)phenyl]porphinato)zinc(II) (7), 5,15-bis 
([7′-(4″-N,N-dihexylaminophenylethynyl)benzo[c][1′,2′,5′]thiadiazol-4′-yl]ethynyl)-10,20-
bis[2′,6′-bis(3″,3″-dimethyl-1″-butyloxy)phenyl]porphinato)zinc(II) (8), and (5,15-bis([7′-(4″-N,N-
dihexylaminophenylethenyl)benzo[c][1′,2′,5′]thiadiazol-4′-yl]ethynyl)-10,20-bis[2′,6′-bis(3″,3″-
dimethyl-1″-butyloxy)phenyl]porphinato)zinc(II) (9) chromophores possess red-shifted absorption 
and emission bands that range between 650 and 750 nm that bear distinct similarities to those of the 
chlorophylls and structurally related molecules. Interestingly, the measured radiative decay rate constants 
for these emitters track with the integrated oscillator strengths of their respective x-polarized Q-band 
absorptions, and thus define an unusual family of high quantum yield near infrared fluorophores in which 
emission intensity is governed by a simple Strickler–Berg dependence.
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of such compositions. For example, only a limited number 
of conjugated organic structures possess both high 
oscillator strength NIR (S0→S1) absorptions and corres - 
ponding high (S1→S0) fluorescence quantum yields [20, 
21]. In general, a higher S0→S1 absorptive extinction 
coefficient should correlate with a larger S1→S0 
radiative rate constant, congruent with the Strickler–
Berg relationship [22]; most strongly absorbing organic 
NIR dyes, however, are not impressive emitters, due in 
many cases to large magnitude S1 state non-radiative rate 
constants that are readily rationalized within the context 
of the energy gap law [23].

Porphyrins are tetrapyrrole p-conjugated systems, 
and the lowest energy absorption bands of simple 
tetraphenylporphyrin or octaethylporphyrin monomers 
range typically over the 600 to 650 nm spectral regime 
and feature modest absorptive extinction coefficients  
(e < 104 M-1.cm-1). Modification of the porphyrin p-skeleton 
can further reduce the HOMO–LUMO gap; the electronic 
structures of such reduced band gap porphyrins can in 
general be rationalized using Gouterman’s four orbital 
model [24]. In a simple (porphinato)metal complex having 
D4h symmetry, the LUMO is doubly degenerate, and the 
HOMO and HOMO-1 are nearly degenerate in energy; 
as a result, substantial configuration interaction mixes 
the (a1u→eg) and (a2u→eg) transitions. Constructive and 
destructive combinations of these one-electron transitions 
give rise to an intense shorter-wavelength Soret band and 
a weakly absorbing longer-wavelength Q-band. While 
removal of frontier orbital (HOMO/HOMO-1, LUMO/
LUMO+1) degeneracy is expected to result in augmentation 
of the Q-band absorptive extinction coefficient, relatively 
few examples exist of low band gap porphyrin derivatives 
that possess intense NIR Q-bands [25–29].

In contrast, the chlorophylls, natural porphyrin 
derivatives, possess lowest energy Q-bands with significant 
extinction coefficients (e: 0.5 ~ 1 × 105 M-1.cm-1) [30, 31]; 
some chlorophyll derivatives and related macrocycles 
feature substantial fluorescence quantum yields that range 
from ~0.05 to 0.3 [32, 33]. While significant strides have 
been made in recent years regarding chlorophyll synthesis 
[33–35], the more involved nature of their fabrication 
limits many possible applications of these structures. 
Chromophores within the phthalocyanine family also 
exhibit intense low energy electronic absorption bands 
(e: 1 ~ 2 × 105 M-1.cm-1); while a few examples of these 
chromophores are known that feature both substantial 
NIR absorptivity and significant fluorescence quantum 
yield (0.1 ~ 0.8) [36, 37], it is important to point out 
that extensive modulation of phthalocyanine absorptive 
properties and photophysics is limited by the modest 
frontier orbital electron density localized at the periphery 
of the macrocycle-fused benzene rings [38].

We have explored synthesis and electronic properties of 
meso-ethynyl porphyrin derivatives [39–62] for nonlinear 
optics [60, 63–81], optoelectronic devices [82–87], and 
fluorescence-based optical imaging technologies [88–97]. 

Ethyne groups fused to the porphyrin meso-positions 
provide significant electronic interaction with the 
macrocycle a2u-derived HOMO and remove the degeneracy 
of the low-lying empty eg orbitals [39, 42, 45, 50, 55]. Here 
we report the synthesis and optical properties of conjugated 
5,15-diethynyl(porphinato)zinc(II) complexes that feature 
conjugated terminal groups having varying degrees of 
proquinoidal character (Fig. 1) that drive intense Q-band 
absorptions; the uncommon emissive properties of these 
new fluorophores based on a (5,15-diethynylporphinato)
zinc(II) framework are discussed within the context of the 
Strickler–Berg relationship.

EXPERIMENTAL

Materials

All manipulations were carried out under nitrogen 
previously passed through an O2 scrubbing tower 
(Schweitzerhall R3-11 catalyst) and a drying tower 
(Linde 3-Å molecular sieves) unless otherwise stated. 
Air sensitive solids were handled in a Braun 150-M 
glove box. Standard Schlenk techniques were employed 
to manipulate air-sensitive solutions. Tetrahydrofuran 
(THF) was distilled from K/4-benzoylbiphenyl under N2. 
Triethylamine and MeOH were distilled from CaH2 under 
N2. The catalysts Pd(PPh3)4, Pd(PPh3)2Cl2, dichloro[1,1′-
bis(diphenylphosphino)ferrocene]palladium(II) dichlo-
ro methane adduct, P(t-Bu)3 (10 wt% solution in hexanes), 
tris(dibenzylideneacetone)dipalladium(0) (Pd2dba3), 
CuI and triphenylarsine (AsPh3) were purchased from 
Strem Chemicals and used as received. 4-Bromobenzo[c]
[1,2,5]thiadiazole, and 4,7-dibromo benzo[c][1,2,5]
thiadiazole were prepared by literature methods [98]. 
(5,15-Bis[trimethylsilylethynyl]-10,20-bis[3′,5′-bis(9″-
methoxy-1″,4″,7″-trioxanonyl)phenyl]porphinato)
zinc(II) (1), (5,15-dibromo-10,20-bis[2′,6′-bis(3″,3″-
dimethyl-1″-butyloxy)phenyl] porphinato)zinc(II), (5,15- 
diethynyl-10,20-bis[2 ′,6′-bis(3″,3″-dimethyl-1″-
butyloxy)phenyl]porphinato)zinc(II), and (5,15-bis(4′-
(N,N-dimethylamino)phenylethynyl)-10,20-bis[2′,6′-
bis(3″,3″-dimethyl-1″-butyloxy)phenyl]porphinato) 
zinc(II) (2) were synthesized as described previously [50, 
54, 66]. A number of key precursors were synthesized 
as reported earlier [99]. All NMR solvents, and all other 
chemicals, were used as received.

Chemical shifts for 1H NMR spectra are relative to 
the tetramethylsilane (TMS) signal in deuterated solvent 
(TMS, d = 0.00 ppm). All J values are reported in Hertz. 
Flash and size exclusion column chromatography were 
performed on the bench top, using respectively silica 
gel (EM Science, 230–400 mesh) and Bio-Rad Bio-
Beads SX-1 as media. CI mass spectra were acquired 
at the Mass Spectrometry Center at the University 
of Pennsylvania. MALDI-TOF mass spectroscopic 
data were obtained with a Voyager-DE RP instrument 
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(PerSeptive Biosystems); samples for these experiments 
were prepared as micromolar solutions in either CH2Cl2 
or THF, and dithranol (Sigma–Aldrich) was utilized as 
the matrix.

Instrumentation
1H NMR spectra were recorded on either 250 MHz 

AC-250, 300 MHz DMX-300, or 500 MHz AMX-
500 Brüker spectrometers. Electronic absorption 
spectra were recorded on a Shimadzu PharmaSpec 
UV1700 spectrophotometer. Fluorescence spectra were 
obtained with a Spex Fluorolog-3 spectrophotometer 
(Jobin Yvon Inc., Edison, NJ) that utilized a T-channel 
configuration with red sensitive R2658 Hamamatsu 
PMT and liquid nitrogen cooled InGaAs detectors. The 
obtained fluorescence spectra were corrected using the 
spectral output of a calibrated light source supplied by 
the National Bureau of Standards. Fluorescence quantum 
yields were measured on N2-purged solutions at room 
temperature. Tetraphenylporphyrin in benzene (Ff = 
0.13) was used as a standard [100]. The fluorescence 
quantum yields of each sample were calculated using the 
following equation (Equation 1)

2
( )

2
( )

f s s r s

f r r s r

F A n

F A n

F ⋅ ⋅
=

F ⋅ ⋅
 (1)

where Ff is the fluorescence quantum yield, F is the 
area under the corrected fluorescence band (expressed 

in number of photons), A is the absorbance at the 
excitation wavelength, and n is the refractive index of the 
solvents used. Subscripts s and r refer to the sample and 
reference, respectively. Time-correlated single-photon 
counting (TCSPC) experiments to measure fluorescence 
lifetimes were performed using an Edinburgh Analytical 
Instruments FL/FS 900 spectrofluorimeter. The excit-
ation sources for TCSPC measurements were either a 
nanosecond flash lamp operating under an atmosphere 
of H2 gas (0.50–0.55 bar, 0.7 nm fwhm, 40 kHz 
repetition rate) or a blue (450 ± 15 nm) light-emitting 
diode (Picoquant PLS 450/PDL 800-B) triggered at a 
frequency of 100 kHz by a Berkeley Nucleonics 555 
pulse generator. TCSPC data were analyzed by iterative 
convolution of the fluorescence decay profile with the 
instrument response function using software provided by 
Edinburgh Instruments.

Synthesis

(5,15-Bis[4′-(4″-N,N-dihexylaminophenylethynyl)
phenylethynyl]-10,20-bis[2′,6′-bis(3″,3″-dimethyl-
1″-butyloxy)phenyl]porphinato)zinc(II) (3). 1-(4′-N, 
N-dihexylaminophenylethynyl)-4-iodo benzene [99] 
(55.5 mg, 1.14 × 10-4 mol), (5,15-diethynyl-10,20-bis[2′,6′-
bis(3″,3″-dimethyl-1″-butyloxy)phenyl]porphinato) 
zinc(II) (50.4 mg, 5.17 × 10-5 mol), Pd(PPh3)4 (13.2 mg, 
1.14 × 10-5 mol), CuI (1.0 mg, 5.3 × 10-6 mol) and dry THF 
(7.0 mL) were added to a 100-mL round-bottom flask. Ar 
was bubbled into the reaction mixture for 5 min before 

Fig. 1. Structures of the TMS-protected (5,15-diethynyl-10,20-bis[3′,5′-bis(9′′-methoxy-1′′,4′′,7′′-trioxanonyl) phenyl]porphinato)
zinc(II) reference monomer (1), and NIR fluorophores 2–9
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piperidine (0.50 mL) was added. The reaction mixture was 
stirred at 45 °C for 3.5 h under Ar. After the solvent was 
evaporated, the residue was chromatographed on silica 
gel with 8:1 hexanes:THF as the eluent. Yield 0.063 g 
(72% based on 50.4 mg of (5,15-diethynyl-10,20-
bis[2′,6′-bis(3″,3″-dimethyl-1″-butyloxy)phenyl]
porphinato)zinc(II)). 1H NMR (300 MHz; CDCl3): d, 
ppm 9.67 (d, 4H, J = 4.6 Hz, b-H), 8.86 (d, 4H, J = 4.6 Hz, 
b-H), 7.96 (d, 4H, J = 8.4 Hz, Ph-H), 7.72 (t, 2H, J = 
8.4 Hz, Ph-H), 7.65 (d, 4H, J = 8.4 Hz, Ph-H), 7.43 (d, 
4H, J = 8.8 Hz, Ph-H), 7.02 (d, 4H, J = 8.5 Hz, Ph-H), 
6.61 (d, 2H, J = 9.0 Hz, Ph-H), 3.92 (t, 8H, J = 7.3 Hz, 
–O–CH2–C), 3.30 (t, 8H, J = 7.6 Hz, –N–CH2–C), 1.60 
(m, 8H, –N–C–CH2–C), 1.2–1.4 (m, 24H, –CH2–), 0.92 
(t, 8H, J = 6.8 Hz, O–C–CH2–), 0.89 (t, 12H, J = 7.3 Hz, 
–CH3), 0.27 (s, 36H, –C–CH3). MS (MALDI-TOF): m/z 
1690.92 (calcd. for [M]+ 1690.976).

4-(Trimethylsilylethynyl)benzo[c][1,2,5]thia - 
diazole. 4-Bromobenzo[c][1,2,5]thiadiazole (0.378 g, 
1.76 × 10-3 mol), Pd(PPh3)4 (0.125 g, 1.08 × 10-4 mol), CuI 
(14 mg, 7.4 × 10-5 mol) and dry THF (20 mL) were added 
to a 100-mL round-bottom flask. Ar was bubbled into 
the reaction mixture for 5 min before diisopropylamine 
(1.0 mL) and (trimethylsilyl)acetylene (1.00 mL, 7.1 × 
10-3 mol) were added. The reaction mixture was stirred 
at 45 °C for 11 h under Ar. After cooling, the solvent was 
evaporated. The residue was chromatographed on silica 
gel column with 1:1 hexanes:CHCl3 as the eluent. Yield 
0.406 g (99% based on 0.378 g of 4-bromobenzo[c]
[1,2,5]thiadiazole). 1H NMR (300 MHz; CDCl3): d, ppm 
7.99 (dd, 1H, J = 1.0, 8.8 Hz, Ph-H), 7.77 (dd, 1H, J = 
1.0, 7.0 Hz, Ph-H), 7.55 (dd, 1H, J = 7.0, 8.8 Hz, Ph-H), 
0.34 (s, 9H, –Si–CH3). MS (CI): m/z 232.048 (calcd. for 
[M]+ 232.049).

4-Ethynylbenzo[c][1,2,5]thiadiazole. 4-(Trimethyl-
silylethynyl)benzo[c][1,2,5]thiadiazole (0.100 g, 4.30 × 
10-4 mol), K2CO3 (78.6 mg, 5.7 × 10-4 mol), THF (3.0 mL), 
and MeOH (2.0 mL) were added to a 100-mL round- 
bottom flask. The reaction mixture was stirred at room 
temperature for 1.5 h under Ar. The reaction mixture was 
filtered and the solvent was evaporated. Yield quanti-
tative. 1H NMR (300 MHz; CDCl3): d, ppm 8.04 (d, 1H, 
J = 8.8 Hz, Ph-H), 7.81 (d, 1H, J = 6.9 Hz, Ph-H), 7.58 
(t, 1H, J = 8.0 Hz, Ph-H), 3.59 (s, 1H, ethynyl-H). MS 
(CI): m/z 160.009 (calcd. for [M]+ 160.010).

(5,15-Bis(benzo[c][1,2,5]thiadiazol-4-ylethynyl)-
10,20-bis[2′,6′-bis(3″,3″-dimethyl-1″-butyloxy)
phenyl]-porphinato)zinc(II) (4). 4-Ethynylbenzo[c]
[1,2,5]thia diazole (40.0 mg, 2.50 × 10-4 mol), (5,15- 
dibromo-10,20-bis[2 ′ ,6 ′-bis(3″ ,3″-dimethyl-1″-
butyloxy)phenyl]porphinato)zinc(II) (71.0 mg, 2.50 × 
10-4 mol), Pd(PPh3)4 (22.6 mg, 2.0 × 10-5 mol), CuI 
(2.0 mg, 1.1 × 10-5 mol) and dry THF (10 mL) were added 
to a 100-mL round-bottom flask. Ar was bubbled into the 
reaction mixture for 5 min before piperidine (0.50 mL) was 
added. The reaction mixture was stirred at 48 °C for 24 h 
under Ar. After cooling, the solvent was evaporated. The 

residue was chromatographed on silica gel column with 
5:1 hexanes:THF as the eluent. The product was further 
purified by size exclusion column chromatography (Bio 
Rad Bio-Beads SX-1 packed in THF, gravity flow). Yield 
40.7 mg (50% based on 71.0 mg of (5,15-dibromo-10,20- 
bis[2′,6′-bis(3″,3″-dimethyl-1″-butyloxy)phenyl]porphi-
nato)zinc(II)). 1H NMR (300 MHz; CDCl3): d, ppm 
9.91 (d, 4H, J = 4.5 Hz, b-H), 8.87 (d, 4H, J = 4.5 Hz, 
b-H), 8.18 (d, 2H, J = 7.0 Hz, Ph-H), 8.07 (d, 2H, J = 
8.8 Hz, Ph-H), 7.76 (dd, 2H, J = 7.0, 8.8 Hz, Ph-H), 
7.72 (t, 2H, J = 8.4 Hz, Ph-H), 7.03 (d, 4H, J = 8.4 Hz, 
Ph-H), 3.92 (t, 8H, J = 7.6 Hz, –O–CH2–C), 0.83 (t, 8H, 
J = 7.5 Hz, –O–C–CH2–C), 0.37 (s, 36H, –C–CH3). MS 
(MALDI-TOF): m/z 1240.7 (calcd. for [M]+ 1240.441).

(5,15-Bis[4′-(N,N-dihexylamino)benzo[c][1′,2′,5′]
thiadiazole-7′-ylethynyl]-10,20-bis[2′,6′-bis(3″,3″-
dimethyl-1″-butyloxy)phenyl]porphinato)zinc(II) (5). 
4-Bromo-7-(N,N-dihexylamino)benzo[c][1,2,5]thiadia-
zole [99] (53.8 mg, 1.35 × 10-4 mol), (5,15-diethynyl-
10,20-bis[2′,6′-bis(3″,3″-dimethyl-1″-butyloxy)phenyl]
porphinato)zinc(II) (41.0 mg, 4.2 × 10-5 mol), Pd(PPh3)4 
(12.8 mg, 1.1 × 10-5 mol), CuI (1.1 mg, 5.8 × 10-6 mol) and 
dry THF (5.0 mL) were added to a 100-mL round-bottom 
flask. Ar was bubbled into the reaction mixture for 5 min 
before piperidine (0.20 mL) was added. The reaction 
mixture was stirred at 45 °C for 24 h under Ar. After the 
solvent was evaporated, the residue was chromatographed 
on silica gel with 8:1 hexanes: THF as the eluent. Yield 
22.0 mg (33% based on 41.0 mg of (5,15-diethynyl-
10,20-bis[2 ′ ,6 ′-bis(3″ ,3″-dimethyl-1″-butyloxy)
phenyl]porphinato)zinc(II)). 1H NMR (300 MHz; 
CDCl3): d, ppm 9.94 (d, 4H, J = 4.6 Hz, b-H), 8.86 (d, 
4H, J = 4.6 Hz, b-H), 8.07 (d, 2H, J = 8.2 Hz, Ph-H), 7.70 
(t, 2H, J = 8.4 Hz, Ph-H), 7.00 (d, 4H, J = 8.5 Hz, Ph-H), 
6.59 (d, 2H, J = 8.3 Hz, Ph-H), 3.91 (t, 8H, J = 7.2 Hz, 
–O–CH2–C), 3.86 (t, 8H, J = 8.3 Hz, –N–CH2–C), 1.79 
(m, 8H, –N–C–CH2–C), 1.1–1.5 (m, 24H, –CH2–), 0.94 
(t, 8H, J = 7.0 Hz, O–C–CH2–), 0.88 (t, 12H, J = 7.2 Hz, 
–CH3), 0.26 (s, 36H, –C–CH3). MS (MALDI-TOF): m/z 
1607.08 (calcd. for [M]+ 1606.838).

4-Bromo-7-(4 ′-n-dodecyloxyphenylethynyl)
benzo[c][1,2,5]thiadiazole. 4-n-Dodecyloxyethynylben-
zene [99] (0.620 g, 2.16 × 10-3 mol), 4,7-dibromobenzo[c]
[1,2,5]thiadiazole (1.91 g, 6.50 × 10-3 mol), Pd(PPh3)2Cl2 
(0.162 g, 2.31 × 10-4 mol), CuI (21 mg, 1.1 × 10-4 mol), 
and dry toluene (10 mL) were added to a 100-mL 
round-bottom flask. Ar was bubbled into the reaction 
mixture for 5 min before triethylamine (10 mL) was 
added. The reaction mixture was stirred at 45 °C for 3 h 
under Ar. After the solvent was evaporated, the reaction 
mixture was chromatographed on silica gel with 2:1 
hexanes:CH2Cl2. Yield 0.496 g (46% based on 0.620 g 
of 4-n-dodecyloxyethynylbenzene). 1H NMR (300 MHz; 
CDCl3): d, ppm 7.83 (d, 1H, J = 7.6 Hz, Ph-H), 7.63 (d, 
1H, J = 7.6 Hz, Ph-H), 7.59 (d, 2H, J = 8.9 Hz, Ph-H), 
6.91 (d, 2H, J = 8.9 Hz, Ph-H), 3.99 (t, 2H, J = 6.6 Hz, 
–OCH2–), 1.80 (quint, 2H, –OC–CH2–), 1.45 (m, 2H, 
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–CH2–), 1.2–1.4 (m, 16H, –CH2–), 0.88 (t, 3H, J = 6.7 Hz, 
–CH3). MS (CI): m/z 498.133 (calcd. for [M]+ 498.134).

(5,15-Bis([7′-(4″-n-dodecyloxyphenylethynyl)
benzo[c][1′,2′,5′]thiadiazol-4′-yl]ethynyl)-10,20- 
bis[2′,6′-bis(3″,3″-dimethyl-1″-butyloxy)phenyl]
porphinato)zinc(II) (6). 4-Bromo-7-(4′-n-dodecyloxy-
phenylethynyl)benzo[c][1,2,5]thiadiazole (40.9 mg, 
8.19 × 10-5 mol), (5,15-diethynyl-10,20-bis[2′,6′-bis- 
(3″,3″-dimethyl-1″-butyloxy)phenyl]porphinato)zinc(II) 
(35.7 mg, 3.66 × 10-5 mol), Pd(PPh3)4 (10.1 mg, 8.7 × 
10-6 mol), CuI (1.3 mg, 6.8 × 10-6 mol), and dry THF 
(6.0 mL) were added to a 100-mL round-bottom flask. 
Ar was bubbled into the reaction mixture for 10 min 
before piperidine (0.50 mL) was added. The reaction 
mixture was stirred at 44 °C for 17.5 h under Ar. After 
cooling, the solvent was evaporated. The residue was 
chromatographed on silica gel with 5:1 hexanes:THF 
as the eluent. The product was further purified by size 
exclusion column chromatography (BioRad Bio-Beads 
SX-1 packed in THF, gravity flow). Yield 45.5 mg (69% 
based on 35.7 mg of 5,15-diethynyl-10,20-bis[2′,6′-
bis(3″,3″-dimethyl-1″-butyloxy)phenyl]porphinato)
zinc(II)). 1H NMR (300 MHz; 1 drop pyridine-d5 in 
CDCl3): d, ppm 9.90 (d, 4H, J = 4.6 Hz, b-H), 8.86 (d, 
4H, J = 4.6 Hz, b-H), 8.15 (d, 2H, J = 7.4 Hz, Ph-H), 
7.92 (d, 2H, J = 7.4 Hz, Ph-H), 7.72 (t, 2H, J = 8.4 Hz, 
Ph-H), 7.65 (d, 4H, J = 8.8 Hz, Ph-H), 7.03 (d, 4H, J = 
8.5 Hz, Ph-H), 6.94 (d, 4H, J = 8.9 Hz, Ph-H), 4.01 (t, 
4H, J = 6.6 Hz, –O–CH2–C), 3.93 (t, 8H, J = 7.5 Hz, –O–
CH2–C), 1.82 (quint, 4H, J = 6.8 Hz, –O–CH2–C), 1.48 
(m, 4H, –CH2–), 1.15–1.40 (m, 32H, –CH2–), 0.89 (t, 6H, 
J = 6.7 Hz, –CH3), 0.83 (t, 8H, J = 7.5 Hz, –OC–CH2–), 
0.37 (s, 36H, –C–CH3). MS (MALDI-TOF): m/z 1809.0 
(calcd. for [M]+ 1808.869).

4-n-Dodecyloxyphenyl-4′,4′,5′,5′-tetramethyl- 
1′,3′,2′-dioxaborolane. 4-n-Dodecyloxyiodobenzene 
[99] (1.00 g, 2.58 × 10-3 mol), dichloro[1,1′-bis(diphenyl-
phosphino)ferrocene]palladium(II)∙dichloromethane 
adduct (0.106 g, 1.30 × 10-4 mol) were added to 1,2- 
dichloroethane (5.0 mL) and Et3N (1.0 mL, 7.2 × 10-3 mol). 
4,4,5,5-Tetramethyl-1,3,2-dioxaborolane (0.56 mL, 3.9 × 
10-3 mol) was added, and the reaction mixture was stirred 
at 75 °C for 1.5 h under Ar. After cooling, the solvent was 
evaporated. The residue was chromatographed on silica 
gel with 2:1 hexanes:CHCl3 as the eluent. Yield 0.674 g 
(67% based on 1.00 g of 4-n-dodecyloxyiodobenzene). 
1H NMR (250 MHz; CDCl3): d, ppm 7.73 (d, 2H, J = 
8.7 Hz, Ph-H), 6.88 (d, 2H, J = 8.7 Hz, Ph-H), 3.97 (t, 
2H, J = 6.6 Hz, –OCH2–), 1.78 (quint, 2H, J = 6.6 Hz, 
–OC–CH2–), 1.45 (m, 2H, –CH2–), 1.33 (s, 12H, –CH3), 
1.26 (m, 16H, –CH2–), 0.88 (t, 3H, J = 6.5 Hz, –CH3). 
MS (CI): m/z 388.317 (calcd. for [M]+ 388.315).

4-Bromo-7-(4′-n-dodecyloxyphenyl)benzo[c][1,2,5]
thiadiazole. 4-n-Dodecyloxyphenyl-4′,4′,5′,5′-tetra-
methyl-1′,3′,2′-dioxaborolane (0.313 g, 8.06 × 10-4 mol), 
4,7-dibromobenzo[c][1,2,5]thiadiazole (0.474 g, 1.61 × 
10-3 mol), Pd(PPh3)4 (97 mg, 8.4 × 10-5 mol), K2CO3 

(0.347 g, 2.51 × 10-3 mol), DMF (25 mL), and H2O 
(3.0 mL) were added to a 100-mL round-bottom flask. 
Ar was bubbled into the reaction mixture for 5 min at 
room temperature. The reaction mixture was warmed 
up to 86 °C and stirred for 7.5 h under Ar. After cooling, 
200 mL of dilute aq. HCl was added to the reaction 
mixture, and the product was extracted with CHCl3 and 
dried over Na2SO4. The solvent was evaporated, and 
the residue was chromatographed on silica gel with 1:1 
hexanes:CHCl3. The product was further purified by size 
exclusion column chromatography (BioRad Bio-Beads 
SX-1 packed in THF, gravity flow). Yield 0.295 g (77% 
based on 0.313 g of 4-n-dodecyloxyphenyl-4′,4′,5′,5′-
tetramethyl-1′,3′,2′-dioxaborolane). 1H NMR (300 MHz; 
CDCl3): d, ppm 7.90 (d, 1H, J = 7.6 Hz, –CH2–), 7.85 (d, 
2H, J = 8.8 Hz, Ph-H), 7.53 (d, 1H, J = 7.6 Hz, Ph-H), 
7.05 (d, 2H, J = 8.8 Hz, Ph-H), 4.04 (t, 2H, J = 6.5 Hz, 
–OCH2–), 1.83 (quint, 2H, J = 6.5 Hz, –OC–CH2–), 1.49 
(m, 2H, –CH2–), 1.2–1.4 (m, 16H, –CH2–), 0.88 (t, 3H,  
J = 6.6 Hz, –CH3). MS (CI): m/z 474.133 (calcd. for  
[M]+ 474.134).

4-(4′-n-Dodecyloxyphenyl)-7-(trimethylsilyl-
ethynyl)benzo[c][1,2,5]thiadiazole. 4-Bromo-7-(4′-n-
dodecyloxyphenyl)benzo[c][1,2,5]thiadiazole (0.2364 g, 
4.97 × 10-4 mol), Pd(PPh3)4 (55.4 mg, 4.79 × 10-5 mol), 
CuI (3.4 mg, 1.8 × 10-5 mol), and dry THF (10 mL) 
were added to a 100-mL round-bottom flask. Ar was 
bubbled into the reaction mixture for 5 min before 
(trimethylsilyl)acetylene (0.25 mL, 1.8 × 10-3 mol) and 
diisopropylamine (1.0 mL) were added. The reaction 
mixture was stirred at 50 °C for 17.5 h under Ar. After 
cooling, the solvent was evaporated. The residue was 
chromatographed on silica gel with 8:1 hexanes:THF. 
Yield 0.240 g (98% based on 0.2364 g of 4-bromo-7-
(4′-n-dodecyloxyphenyl)benzo[c][1,2,5]thiadiazole). 
1H NMR (300 MHz; CDCl3): d, ppm 7.90 (d, 2H, J = 
8.9 Hz, Ph-H), 7.82 (d, 1H, J = 7.4 Hz, Ph-H), 7.61 
(d, 1H, J = 7.4 Hz, Ph-H), 7.05 (d, 2H, J = 8.9 Hz, 
Ph-H), 4.04 (t, 2H, J = 6.5 Hz, –OCH2–), 1.82 (quint, 2H, 
J = 6.9 Hz, –OC–CH2–), 1.49 (m, 2H, –CH2–), 1.2–1.4 
(m, 16H, –CH2–), 0.88 (t, 3H, J = 6.7 Hz, –CH3), 0.34 
(s, 9H, –Si–CH3). MS (CI): m/z 493.272 (calcd. for [M + 
H]+ 493.271).

4-(4′-n-Dodecyloxyphenyl)-7-ethynylbenzo[c][1,2,5]
thiadiazole. 4-(4′-n-Dodecyloxyphenyl)-7-(trimethylsilyl- 
ethynyl)benzo[c][1,2,5]thiadiazole (0.223 g, 4.53 ×  
10-4 mol) was dissolved in a mixture of THF (7.0 mL) 
and MeOH (3.0 mL). K2CO3 (85 mg, 6.2 × 10-4 mol) was 
added, and the reaction mixture was stirred for 2 h under 
Ar. The reaction mixture was filtered and the filtrate 
evaporated. Yield 0.190 g (99.7% based on 0.223 g of 
4-(4′-n-dodecyloxyphenyl)-7-(trimethylsilylethynyl)
benzo[c][1,2,5]thiadiazole). 1H NMR (300 MHz; 
CDCl3): d, ppm 7.90 (d, 2H, J = 8.9 Hz, Ph-H), 7.86 (d, 
1H, J = 7.3 Hz, Ph-H), 7.63 (d, 1H, J = 7.4 Hz, Ph-H), 
7.06 (d, 2H, J = 8.9 Hz, Ph-H), 4.04 (t, 2H, J = 6.5 Hz, 
– OCH2–), 3.60 (s, 1H, ethynyl-H), 1.83 (quint, 2H,  
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J = 6.9 Hz, –OC–CH2–), 1.49 (m, 2H, –CH2–), 1.2–1.4 
(m, 16H, –CH2–), 0.88 (t, 3H, J = 6.7 Hz, –CH3). MS 
(ESI): m/z 421.233 (calcd. for [M + H]+ 421.231).

4-([4′-(4″-n-Dodecyloxyphenyl)benzo[c][1′,2′,5′]
thiadiazol-7′-yl]ethynyl)-7-iodobenzo[c][1,2,5]thiadia-
zole. 4-(4′-n-Dodecyloxyphenyl)-7-ethynylbenzo[c]
[1,2,5]thiadiazole (0.120 g, 2.85 × 10-4 mol), 4,7-diiodo-
benzo[c][1,2,5]thiadiazole [99] (0.232 g, 5.98 × 10-4 mol), 
Pd2dba3 (32.8 mg, 3.6 × 10-5 mol), AsPh3 (92.4 mg, 3.0 × 
10-4 mol), and dry THF (15 mL) were added to a 100-mL 
round-bottom flask. Ar was bubbled into the reaction 
mixture for 5 min before diisopropylethylamine (1.0 mL) 
was added. The reaction mixture was stirred at 48 °C for 
12.5 h under Ar. After cooling, the solvent was evaporated. 
The residue was chromatographed on silica gel with 8:1 
hexanes:THF. The product was further purified by size 
exclusion column chromatography (BioRad Bio-Beads 
SX-1 packed in THF, gravity flow). Yield 69.8 mg 
(36% based on 0.120 g of 4-(4′-n-dodecyloxyphenyl)-7-
ethynylbenzo[c][1,2,5]thiadiazole). 1H NMR (300 MHz; 
CDCl3): d, ppm 8.16 (d, 1H, J = 7.5 Hz, Ph-H), 8.03 (d, 
1H, J = 7.4 Hz, Ph-H), 7.96 (d, 2H, J = 8.9 Hz, Ph-H), 7.71 
(d, 1H, J = 7.4 Hz, Ph-H), 7.70 (d, 1H, J = 7.5 Hz, Ph-H), 
7.08 (d, 2H, J = 8.9 Hz, Ph-H), 4.05 (t, 2H, J = 6.5 Hz, 
–OCH2–), 1.84 (quint, 2H, J = 7.0 Hz, –OC–CH2–), 
1.49 (m, 2H, –CH2–), 1.2–1.4 (m, 16H, –CH2–), 0.88 (t, 
3H, J = 6.6 Hz, –CH3). MS (MALDI-TOF): m/z 680.09 
(calcd. for [M]+ 680.110).

(5,15-Bis([7′-([7″-(4′″-n-dodecyloxyphenyl)benzo 
[c][1″,2″,5″]thiadiazol-4″-yl]ethynyl)benzo[c]- 
[1′,2′,5′]thiadiazol-4′-yl]ethynyl)-10,20-bis[2′,6′-
bis(3″,3″-dimethyl-1″-butyloxy)phenyl]porphinato) 
zinc(II) (7). 4-([4′-(4″-n-Dodecyloxyphenyl)benzo[c]
[1′,2′,5′]thiadiazol-7′-yl]ethynyl)-7-iodobenzo[c][1,2,5] 
thiadiazole (31.0 mg, 4.55 × 10-5 mol), 5,15-diethynyl-
10,20-bis[2 ′ ,6 ′-bis(3″ ,3″-dimethyl-1″-butyloxy)
phenyl]porphinato)zinc(II) (22.2 mg, 2.28 × 10-5 mol), 
Pd(PPh3)4 (9.1 mg, 7.9 × 10-6 mol), CuI (1.7 mg, 8.9 × 
10-6 mol), and dry THF (8.0 mL) were added to a 
100-mL round-bottom flask. Ar was bubbled into the 
reaction mixture for 5 min before piperidine (0.50 mL) 
was added. The reaction mixture was stirred at 50 °C 
for 3.5 h under Ar. After cooling, the solvent was 
evaporated. The residue was chromatographed on 
silica gel with 3:1 hexanes:THF as the eluent. The 
product was further purified by size exclusion column 
chromatography (BioRad Bio-Beads SX-1 packed 
in THF, gravity flow). Yield 30.2 mg (64% based on 
31.0 mg of 4-([4′-(4′′-n-dodecyloxyphenyl)benzo[c]
[1′,2′,5′]thiadiazol-7′-yl]ethynyl)-7-iodobenzo[c][1,2,5]
thiadiazole). 1H NMR (300 MHz; 1 drop pyridine-d5 in 
CDCl3): d, ppm 9.92 (d, 4H, J = 4.6 Hz, b-H), 8.89 (d, 
4H, J = 4.5 Hz, b-H), 8.21 (d, 2H, J = 7.4 Hz, Ph-H), 8.13 
(d, 2H, J = 7.4 Hz, Ph-H), 8.09 (d, 2H, J = 7.4 Hz, Ph-H), 
7.98 (d, 4H, J = 8.7 Hz, Ph-H), 7.75 (d, 2H, J = 7.3 Hz, 
Ph-H), 7.73 (t, 2H, J = 8.3 Hz, Ph-H), 7.09 (d, 4H, J = 
8.8 Hz, Ph-H), 7.04 (d, 4H, J = 8.5 Hz, Ph-H), 4.06 (t, 

4H, J = 6.4 Hz, –O–CH2–C), 3.94 (t, 8H, J = 7.5 Hz, –O–
CH2–C), 1.85 (quint, 4H, J = 7.0 Hz, –O–CH2–C), 1.50 
(m, 4H, –CH2–), 1.15–1.40 (m, 32H, –CH2–), 0.89 (t, 6H, 
–CH3), 0.85 (t, 8H, J = 7.5 Hz, –OC–CH2–), 0.39 (s, 36H, 
–C–CH3). MS (MALDI-TOF): m/z 2076.99 (calcd. for 
[M]+ 2076.857).

5,15-Bis([7′-(4′′-N,N-dihexylaminophenylethynyl)
benzo[c][1′,2′,5′]thiadiazol-4′-yl]ethynyl)-10,20-
bis[2′,6′-bis(3′′,3′′-dimethyl-1′′-butyloxy)phenyl]
porphinato)zinc(II) (8). 4-(4′-N,N-Dihexylamino-
phenylethynyl)-7-iodobenzo[c][1,2,5]thiadiazole [99] 
(73.6 mg, 1.35 × 10-4 mol), 5,15-diethynyl-10,20-bis[2′,6′- 
bis(3′′,3′′-dimethyl-1′′-butyloxy)phenyl]porphinato)
zinc(II) (59.0 mg, 6.05 × 10-5 mol), Pd(PPh3)4 (15.6 mg, 
1.35 × 10-5 mol), CuI (1.0 mg, 5.3 × 10-6 mol), and dry 
THF (6.0 mL) were added to a 100-mL round-bottom 
flask. Ar was bubbled into the reaction mixture for 5 min 
before piperidine (0.50 mL) was added. The reaction 
mixture was stirred at 49 °C for 20 h under Ar. After 
cooling, the solvent was evaporated. The residue was 
chromatographed on silica gel with 5:1 hexanes:THF 
as the eluent. The product was further purified by size 
exclusion column chromatography (BioRad Bio-Beads 
SX-1 packed in THF, gravity flow). Yield 0.107 g (98% 
based on 59.0 mg of 5,15-diethynyl-10,20-bis[2′,6′-
bis(3′′,3′′-dimethyl-1′′-butyloxy)phenyl]porphinato)
zinc(II)). 1H NMR (300 MHz; CDCl3): d, ppm 9.99 (d, 
4H, J = 4.6 Hz, b-H), 8.94 (d, 4H, J = 4.6 Hz, b-H), 8.17 
(d, 2H, J = 7.4 Hz, Ph-H), 7.89 (d, 2H, J = 7.4 Hz, Ph-H), 
7.73 (t, 2H, J = 8.4 Hz, Ph-H), 7.56 (d, 4H, J = 7.7 Hz, 
Ph-H), 7.03 (d, 4H, J = 8.5 Hz, Ph-H), 6.64 (d, 4H, J = 
9.0 Hz, Ph-H), 3.94 (t, 8H, J = 7.3 Hz, –O–CH2–C), 3.32 
(t, 8H, J = 7.6 Hz, –N–CH2–C), 1.5–1.7 (m, 4H, –CH2–), 
1.25–1.45 (m, 24H, –CH2–), 0.8–1.0 (m, 20H, –O–C–
CH2– and –CH3), 0.26 (s, 36H, –C–CH3). MS (MALDI-
TOF): m/z 1807.1 (calcd. for [M]+ 1806.901).

4-(4′-(N,N-Dihexylamino)phenylethenyl)-7-iodo-
benzo[c][1,2,5]thiadiazole. N,N-Dihexylamino-4-vinyl - 
benzene [99] (0.154 g, 5.36 × 10-4 mol), 4,7-diiodobenzo[c]
[1,2,5]thiadiazole [99] (0.309 g, 7.96 × 10-4 mol), 
Pd2dba3 (50.4 mg, 5.5 × 10-5 mol), and dry 1,4-dioxane 
(7.0 mL) were added to a 100-mL round-bottom flask. 
Ar was bubbled into the reaction mixture for 5 min 
before dicyclohexylmethylamine (0.50 mL) and P(t-Bu)3 
(10 wt% in hexanes, 1.00 mL, 3.3 × 10-4 mol) were 
added. The reaction mixture was stirred at 57 °C for 48 h 
under Ar. After the solvent was evaporated, the reaction 
mixture was chromatographed on silica gel with 8:1 
hexanes:THF. The product was further purified by size 
exclusion column chromatography (BioRad Bio-Beads 
SX-1 packed in THF, gravity flow). Yield 42.2 mg (14% 
based on 0.154 g of N,N-dihexylamino-4-vinylbenzene). 
1H NMR (300 MHz; CDCl3): d, ppm 8.04 (d, 1H, J = 7.6 
Hz, Ph-H), 7.84 (d, 1H, J = 16.4 Hz, vinyl-H), 7.50 (d, 
2H, J = 8.8 Hz, Ph-H), 7.38 (d, 1H, J = 16.2 Hz, vinyl-H), 
7.37 (d, 1H, J = 7.8 Hz, Ph-H), 6.64 (d, 2H, J = 8.9 Hz, 
Ph-H), 3.30 (t, 4H, J = 7.6 Hz, –NCH2–), 1.61 (m, 4H, 
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–NC–CH2–), 1.15–1.45 (m, 12H, –CH2–), 0.91 (t, 6H, 
J = 6.7 Hz, –CH3). MS (CI): m/z 547.1481 (calcd. for 
[M]+ 547.148).

(5,15-Bis([7′-(4′′-N,N-dihexylaminophenylethenyl)
benzo[c][1′,2′,5′]thiadiazol-4′-yl]ethynyl)-10,20-
bis[2′,6′-bis(3′′,3′′-dimethyl-1′′-butyloxy)phenyl]
porphinato)zinc(II) (9). 4-(4′-N,N-Dihexylamino-
phenylethenyl)-7-iodobenzo[c][1,2,5]thiadiazole 
(42.2 mg, 7.71 × 10-5 mol), 5,15-diethynyl-10,20-bis[2′,- 
6′-bis(3′′,3′′-dimethyl-1′′-butyloxy)phenyl]porphinato)
zinc(II) (38.0 mg, 3.90 × 10-5 mol), Pd(PPh3)4 (10.5 mg, 
9.1 × 10-6 mol), CuI (1.0 mg, 5.3 × 10-6 mol), and dry THF 
(5.0 mL) were added to a 100-mL round-bottom flask. Ar 
was bubbled into the reaction mixture for 5 min before 
piperidine (0.50 mL) was added. The reaction mixture 
was stirred at 47 °C for 43 h under Ar. After cooling, the 
solvent was evaporated. The residue was chromatographed 
on silica gel with 5:1 hexanes:THF as the eluent. The 
product was further purified by size exclusion column 
chromatography (BioRad Bio-Beads SX-1 packed 
in THF, gravity flow). Yield 30.4 mg (43% based on 
42.2 mg of 4-(4′-N,N-dihexylaminophenylethenyl)-7-
iodobenzo[c][1,2,5]thiadiazole). 1H NMR (500 MHz; 1 
drop pyridine-d5 in CDCl3): d, ppm 9.90 (d, 4H, J = 4.5 
Hz, b-H), 8.84 (d, 4H, J = 4.5 Hz, b-H), 8.14 (d, 2H, 
J = 7.2 Hz, Ph-H), 7.99 (d, 2H, J = 16.1 Hz, vinyl-H), 
7.77 (d, 2H, J = 7.4 Hz, Ph-H), 7.71 (t, 2H, J = 8.5 Hz, 
Ph-H), 7.57 (d, 4H, J = 8.4 Hz, Ph-H), 7.55 (d, 2H,  
J = 16.0 Hz, vinyl-H), 7.02 (d, 4H, J = 8.6 Hz, Ph-H), 
6.68 (d, 4H, J = 8.7 Hz, Ph-H), 3.92 (t, 8H, J = 7.4 Hz, 
–O–CH2–C), 3.33 (t, 8H, J = 7.6 Hz, –N–CH2–C), 1.63 
(m, 8H, –CH2–), 1.3–1.4 (m, 24H, –CH2–), 0.93 (t, 12H, 
J = 6.7 Hz, –CH3), 0.84 (t, 8H, J = 7.5 Hz, –O–C–CH2–), 
0.39 (s, 36H, –C–CH3). MS (MALDI-TOF): m/z 1811.0 
(calcd. for [M]+ 1810.932).

RESULTS AND DISCUSSION

Synthesis

Chromophores 2–9 are based on a (5,15-diethy-
nylporphinato)zinc(II) framework and feature symmetric 
donor or acceptor units appended at the meso-ethynyl 
positions that derive from phenylene and benzo[c]
[1,2,5]thiadiazole building blocks; these structures, 
along with the TMS-protected (5,15-diethynyl-10,20-
bis[3′,5′-bis(9′′-methoxy-1′′,4′′,7′′-trioxanonyl)phenyl]
porphinato)zinc(II) reference monomer (1), are shown in 
Fig. 1. Scheme 1 details the syntheses of fluorophores 3–9. 
The proquinoidal spacer unit, benzo[c][1,2,5]thiadiazole, 
which extends p-conjugation from the porphyrin core for 
4–9, has been used not only as a common building block 
to enhance electronic delocalization within p-conjugated 
oligomers and polymers, but also as an electron accepting 
moiety [55, 99, 101, 102]. Incorporation of benzo[c][1,2,5]
thiadiazole into conjugated organic networks is made 

facile through the agency of palladium-catalyzed cross-
coupling reactions. In 2–9, each aromatic unit is linked 
by either ethyne or ethene units through Sonogashira or 
Heck coupling reactions. The 10- and 20-meso-positions 
of the (porphinato)zinc cores of 1–9 feature either 
3,5-bis(9′-methoxy-1′,4′,7′-trioxanonyl)phenyl (1) or 
2,6-bis(3′,3′-dimethyl-1′-butyloxy)phenyl substituents 
(2–9) to ensure high solubility. Fluorophores 2–9 were 
synthesized by Pd-mediated cross-coupling reactions 
involving appropriately modified terminal substituents 
and 5,15-dibromo- or 5,15-diethynyl(porphinato)zinc(II) 
synthons (Experimental Section).

Steady-state electronic absorption spectra

Electronic absorption spectra of NIR fluorophores 
2–9 recorded in THF solvent are displayed in Fig. 2. 
These chromophores feature lowest energy Q absorption 
bands that are significantly red-shifted (1985–3070 cm-1) 
and intensified (~20 to 50-fold enhanced in oscillator 
strength) relative to the analogous transition manifold of 
[5,10,15,20-tetraphenyl(porphinato)]zinc(II) (TPPZn) 
[100]. While chromophores 2 and 3 manifest spectral 
signatures akin to other closely related, [5,15-bis[(aryl)
ethynyl]-10,20-diphenylporphinato]zinc(II) complexes 
[42], note that structures 4–9, which incorporate benzo[c]
[1,2,5]thiadiazole units, manifest spectra that bear 
distinct similarities to chlorophylls and structurally 
related molecules [103]. The extinction coefficients 
of the x-polarized Q-band [Qx(0,0)] transitions for 4–9 
are significantly enhanced relative to 2 and 3, which 
bear 5,15-bis(arylethynyl) macrocycle substituents 
(Fig. 2, Table 1). As conjugation is expanded at the 
porphyrin (5,15-bis(benzo[c][1′,2′,5′]thiadiazol-4′-
ylethynyl) moieties [4→5→(6, 7, 8, 9)] (Fig. 2, Table 1), 
increasingly pronounced B-state (Soret) transition 
manifold splitting is evident; note that the Qx(0,0) 
transition extinction coefficients for fluorophores 6–9 
surpass those of their most intense respective B-band 
absorption, and exceed 105 M-1.cm-1, a value comparable 
to Q-state absorptions characteristic of chlorophylls and 
phthalocyanines [30, 37]. In contrast to the full widths at 
half maximum (FWHM) values for the B-band manifolds 
of 6–9, which span 4430–6480 cm-1 and greatly exceed 
that of the TPPZn benchmark (660 cm-1), the FWHMs 
of their respective Qx(0,0) transitions range from 812 to 
940 cm-1. Compounds 3 and 8 highlight the qualitative 
impact of 5,15-bis(benzo[c][1′,2′,5′]thiadiazol-4′-
ylethynyl) substituents relative to corresponding 5,15- 
bis[(aryl)ethynyl] groups upon the (porphinato)zinc 
chromophore long-wavelength absorption maximum: 
note the x-polarized Q-state absorption maximum 
for 8 is 928 cm-1 red-shifted relative to that for 3. The 
enhanced  p–conjugation afforded by the benzo[c][1,2,5]
thiadiazolyl group is consistent with its proquinoidal 
character [104], and earlier work which establishes that 
meso (benzo[c][1,2,5]thiadiazol-4-ylethynyl) substituents 
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Scheme 1. Synthetic routes to 5,15-diethynyl-(porphinato)zinc(II)-based fluorophores 3–9 and to key precursor compounds
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drive pronounced S1 state cumulenic character for 
(porphinato)zinc-based chromophores [55].

Fluorescence spectra

Figure 2 also highlights the fluorescence spectra 
recorded for chromophores 2–9 in THF solvent; these 
spectra mirror the respective lowest energy Q-state 
absorption manifolds for these chromophores. The 
fluorescence energy maxima red-shift with increasing 

degrees of conjugation [4→5→(6, 7, 8, 9)] (Fig. 2, 
Table 1); note in this regard that fluorophore 7 features 
an emission band maximum centered at 748 nm, and 
that structures 2–9 feature narrow fluorescence bands 
(620 cm-1 < FWHM(S1→S0) < 1130 cm-1) that are 
significantly reduced with respect to the S1→S0 FWHM 
value determined for TPPZn (1924 cm-1). Note also 
that the narrow fluorescence bands of 2–9 resemble the 
spectral breadths of their respective lowest energy Q-state 
absorption manifolds (Table 1) and feature low-magnitude 

Fig. 2. Absorption (black line) and fluorescence (red line) spectra of 5,15-diethynyl-(porphinato)zinc(II)-based fluorophores 2–9 
recorded in THF solvent

1450110.indd   9 1/22/2015   4:01:12 PM

J.
 P

or
ph

yr
in

s 
Ph

th
al

oc
ya

ni
ne

s 
D

ow
nl

oa
de

d 
fr

om
 w

w
w

.w
or

ld
sc

ie
nt

if
ic

.c
om

by
 U

N
IV

E
R

SI
T

Y
 O

F 
IL

L
IN

O
IS

 A
T

 U
R

B
A

N
A

 C
H

A
M

PA
IG

N
 o

n 
03

/1
2/

15
. F

or
 p

er
so

na
l u

se
 o

nl
y.



1st Reading

Copyright © 2014 World Scientific Publishing Company J. Porphyrins Phthalocyanines 2014; 18: 10–14

10 K. SUSUMU AND M. J. THERIEN

Stokes shifts (155–620 cm-1), congruent with a minimal 
degree of excited-state structural relaxation relative the 
ground-state conformation for these chromophores.

Strickler–Berg analysis of the S1-state  
photophysics of fluorophores 2–9

Relative to the (porphinato)zinc chromophore 
TPPZn (Ff = 0.033), the fluorescence quantum yields 
of fluorophores 2–9 are particularly dramatic (0.15 < 

Ff < 0.36; Table 2). Further, given the shape and 
intensity of the steady-state fluorescence spectra of 
these monomeric (porphinato)zinc chromophores that 
bear either 5,15-bis[(aryl)ethynyl] or 5,15-bis(benzo[c]
[1′,2′,5′]thiadiazol-4′-ylethynyl) substituents, coupled 
with the fact that the emission band maxima of these 
species are significantly red-shifted (1690–3160 cm-1) 
with respect to the TPPZn benchmark (Table 1), suggest 
an analysis of the S1 state photophysics within the context 
of the Strickler–Berg model, which relates increases in 

Table 1. Comparative electronic absorption and steady-state fluorescence spectral data determined for chromophores 1–9 in THF 
solvent relative to the TPPZn benchmark

lmax (S0→S1), 
nma

emax (S0→S1), 
M-1.cm-1a

FWHM 
(S0→S1), cm-1a

lmax 
(S1→S0), nm

FWHM 
(S1→S0), cm-1

Stokes shift, 
cm-1c

TPPZn (in benzene) 589 3680 577 605 1924b 449

1 632 33,200 438 638 626 149

2 669 57,000 824 678 656 198

3 667 94,000 704 674 618 156

4 674 84,000 654 687 809 281

5 701 108,000 737 710 649 181

6 704 127,000 812 730 922 506

7 715 109,400 939 748 1131 617

8 711 134,000 818 735 890 459

9 719 105,000 940 743 870 449

a For 1–9, the value reported corresponds to that for the x-polarized (S0→S1) absorption. Note that for the TPPZn chromophore, the 
value reported corresponds to that for the Q(0,0) transition. b The value reported corresponds to that for the Q-state manifold. c The 
difference in energy between the absorption (S0→S1) and fluorescence (S1→S0) band maxima.

Table 2. Comparative x-polarized [S0→S1; Qx(0,0)] integrated absorptive oscillator strengths, fluorescence quantum yields, 
fluorescence lifetimes, experimental and calculated radiative rate constants, and experimental non-radiative rate constants determined 
for chromophores 1–9 in THF solvent relative to the TPPZn benchmark

Oscillator 
strengtha

Ff
b tf, ns kr (× 107 s-1) knr (× 107 s-1) kr(calc)d (× 107 s–1)

TPPZn (in benzene) 0.00977 0.033c 2.09 1.58 46.27 1.78

1 0.0669 0.058 (0.021) 1.99 2.91 47.34 4.30

2 0.216 0.22 (0.044) 2.04 10.78 38.24 7.72

3 0.304 0.25 (0.043) 1.63 15.34 46.01 11.1

4 0.253 0.15 (0.013) 1.42 10.56 59.86 9.23

5 0.366 0.19 (0.012) 1.20 15.83 67.50 11.3

6 0.474 0.32 (0.020) 1.97 16.24 34.52 13.0

7 0.473 0.35 (0.035) 1.87 18.72 34.76 11.8

8 0.504 0.36 (0.032) 1.71 21.05 37.43 13.8

9 0.454 0.26 (0.029) 1.37 18.98 54.01 11.5

a f = 4.6 × 10-9∙emax∙Dν1/2; the oscillator strengths were calculated for the x-polarized (S0→S1) absorption. Note that for the TPPZn 
chromophore, the reported integrated oscillator strength corresponds to that for the Q-state transition manifold. b Fluorescence 
quantum yields determined relative to free base TPP in benzene (Ff = 0.13); parenthetical values represent standard deviations from 
the mean. c From Ref. 100. d Calculated using Equation 2.
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the integrated oscillator strength of the lowest-energy 
ground-state absorption band with a corresponding 
augmentation of the radiative decay rate constant (kr, 
Equation 2) [22].

-1-9 2 -32.880 10 lnl
r f Av

u

g
k n d

g
= × e ν∫� �ν  (2)

Here kr is radiative decay rate constant, n is the 
refractive index of the solvent, gl and gu are the respective 
degeneracies of the ground and excited states, e is the 
molar extinction coefficient, ν is the frequency of the 
transition in cm-1. The term 〈ν~f

-3〉Av
-1 is expressed as;

-1-3

3

( )

( )
f -Av

I d

I d

ν
ν =

ν ν
∫

∫
�

ν

ν
 (3)

where I is the intensity of the fluorescence spectrum, 
measured in terms of relative numbers of quanta at each 
frequency. The fluorescence quantum yield (Ff) is simply 
described by Equation 4;

r
f

r nr

k

k k
F =

+  (4)

where knr describes the magnitude of the non-radiative 
decay rate constant, which corresponds to the sum of the 
internal conversion (kic) and intersystem crossing (kisc) 
rate constants. Provided that the magnitudes of the non-
radiative rate remain approximately constant within a 
family of closely related chromophores, an increase in the 
integrated oscillator strength results in a corresponding 
increase in the fluorescence quantum yield.

Figure 3 highlights the x-polarized Q-state oscillator 
strength dependent fluorescence quantum yields, radiative 

rate constants, and non-radiative rate constants of fluoro-
phores 1–9 relative to the TPPZn benchmark. Note the 
distinct increase in the magnitude of the radiative rate 
constant with increasing x-polarized Q-state oscillator 
strength (Fig. 3B), and that the measured kr values for 
fluorophores 5–9 exceed that of the TPPZn by more 
than an order of magnitude. This apparent Stricker–
Berg dependence of the radiative rate constant upon the 
integrated lowest energy S0→S1 oscillator strength gives 
rise to a family of porphyrin-based NIR fluorophores in 
which the longest wavelength emitter (7, 748 nm) features a 
fluorescence quantum yield (Ff = 0.35; Tables 1 and 2) that 
exceeds that of chromophores 1–6 and 9, which emit to the 
blue of this wavelength.

As emission wavelengths approach the NIR spectral 
domain, the simple Stricker–Berg predicted dependence 
of the radiative rate constant upon the magnitude of the 
integrated oscillator strength is generally mitigated by 
expected energy gap law effects [23], where increasing 
magnitudes of the S0–S1 internal conversion rate constant 
(kic) track with diminishing S0–S1 energy gaps and thus 
sharply decrease Ff. In these chromophores, two factors 
conspire to enhance Ff as emission wavelength increases 
over the 650–750 nm spectral domain. The first of these 
derives from the fact that the proquinoidal benzo[c]
[1,2,5]thiadiazole unit minimizes the extent of excited-
state structural relaxation relative the ground-state 
conformation [55] for chromophores 4–9, reflected by 
the narrow fluorescence bands and modest Stokes shifts 
determined for these species (Fig. 2; Tables 1 and 2), and 
thereby reduces S1–S0 Franck–Condon overlap important 
for determining the magnitude of kic. The second factor 
that drives this unusual dependence of Ff upon emission 
wavelength stems from the fact that for these ethyne-
elaborated (porphinato)zinc derivatives, intersystem 

Fig. 3. x-Polarized Q-state [Qx (S0→S1)] oscillator strength dependent fluorescence quantum yields, radiative rate constants (kr), 
and non-radiative rate constants (knr) of diethynyl(porphinato)zinc(II) derivatives (1–9) relative to the [5,10,15,20-tetraphenyl-
(porphinato)]zinc(II) (TPPZn) benchmark. (a) x-Polarized Q-state oscillator strength dependence of the fluorescence quantum 
yield. (b) x-Polarized Q-state oscillator strength dependence of the radiative and non-radiative decay rate constant magnitudes
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crossing into the triplet manifold generates T1 states that 
manifest more spatially confined excitations relative to 
the globally delocalized S1 states of these chromophores 
[41, 45, 47, 54, 62]. This diminished overlap of S1 and 
T1 state wavefunctions mitigates S1-T1 intersystem 
crossing rate constants (kisc values), and thus serves to 
counter-balance the effect of augmented Franck–Condon 
mediated internal conversion that typically accompanies 
S0-S1 energy gap reductions; this effect has been detailed 
previously for closely related compounds [57]. Thus, 
for 4–9, extension of x-polarized conjugation of the 
(5,15-diethynylporphinato)zinc(II) framework via the 
benzo[c][1,2,5]thiadiazole moiety causes the magnitude 
of kr to increase faster than does the magnitude of knr as 
emission wavelength increases, providing substantial 
fluorescence quantum yields that manifest a weak energy 
gap law [23] dependence over this spectral regime.

CONCLUSION

We describe a design strategy for (porphinato)zinc-
based chromophores that possess large NIR fluorescence 
quantum yields. These fluorophores are based on a (5,15- 
diethynylporphinato)zinc(II) framework and feature 
symmetric donor or acceptor units appended at the 
meso-ethynyl positions via benzo[c][1,2,5]thiadiazole 
moieties. These chromophores possess red-shifted 
absorption and emission bands relative to TPPZn and 
(5,15-diethynyl-10,20-arylporphinato)zinc(II) bench - 
marks that range between 650 and 750 nm and bear 
distinct spectral similarities to those manifest by 
chlorophylls and structurally related molecules.

Interestingly, the measured radiative decay rate 
constants for these emitters track with the integrated 
oscillator strengths of their respective x-polarized 
Q-band absorptions, and thus define an unusual family 
of high quantum yield NIR fluorophores in which 
emission intensity is governed by a simple Strickler–
Berg dependence. These photophysical properties 
derive from the facts that: (i) the proquinoidal benzo[c]
[1,2,5]thiadiazole unit minimizes the extent of excited-
state structural relaxation relative the ground-state 
conformation [55], and (ii) meso-ethynyl elaborated 
(porphinato)zinc compounds are characterized by T1 
states that are more spatially confined than their globally 
delocalized S1 states [41, 45, 47, 54, 62], which result 
in diminished S1-T1 intersystem crossing rate constants 
relative to conventional (porphinato)zinc chromophores. 
For these NIR fluorophores, these effects cause the 
magnitude of kr to increase faster than does the magnitude 
of knr as emission wavelength increases, providing 
substantial fluorescence quantum yields that manifest a 
weak energy gap law [23] dependence over the spectral 
regime (685–750 nm) spanned by these emitters. These 
designs that take advantage of these photophysical 
properties make possible broadly absorptive and strongly 

emissive NIR fluorophores that derive from a monomeric 
(5,15-diethynyl-porphinato)zinc framework.
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