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ABSTRACT: A series of E-, Z-ethenyl- and ethynyl-linked BODIPY dimers were synthesized in 

23-34% yields by condensation of pyrroles with the corresponding bis-benzaldehydes, followed 

by oxidation and boron complexation. The BODIPY dimers were characterized by 1H-, 13C, and 

11B NMR spectroscopy, HRMS and, in the cases of 1b, 2 and 3, by X-ray crystallography. The 

spectroscopic properties for this series of dimers were investigated in THF solutions, and very 

similar absorption and emission profiles were observed for all dimers. DFT calculations show 

minimal conjugation between the two BODIPY units in the dimers, as a result of the large 

dihedral angle between the BODIPYs and the linker. The E-ethenyl linked dimer 1a showed the 

highest fluorescence quantum yield of all dimers investigated in this study. 
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1. INTRODUCTION 

Due to their attractive photophysical properties that include large extinction coefficients, 

high fluorescence quantum yields, intrinsic high photochemical stability, and structure 

tunability, boron dipyrromethene (BODIPY) dyes have been intensely investigated since 

they were first reported 50 years ago.1-7 Specially functionalized BODIPYs with various 

properties are finding important roles in both classical and newly-emerging application 

fields, such as laser dyes,8 chemical sensors,9-15 fluorescent switches,16-20 

photovoltaics/optoelectronics,21, 22 photosensitizers23-27 and as fluorescent labeling 

agents.28-35  

In particular, the synthesis and investigation of BODIPY dimers or bis-BODIPYs has 

emerged as a hot research field in exploitation of improved or special photophysical 

properties.36-41 Depending on the type of linker and the molecular design, these BODIPY 

derivatives have been shown to be good candidates as near-IR or solid-state fluorescent 

emitters,42-46 energy transfer cassettes,47-49 single oxygen generators,50-52 light harvesting 

complexes,53 and in dye-sensitized solar cells.54 Recently, our group has reported a series 

of symmetrical and unsymmetrical α-α C(sp3)-linked dimeric BODIPYs with 

serendipitous enhanced fluorescence quantum yield and larger Stokes shifts compared 

with monomeric BODIPYs.55 

Among the various dimeric structures, ethenyl-linked fluorophores, such as porphyrin 

dimers, have attracted much attention especially on the alternation of the spatial 

configuration and stacking mode of the molecules between the E- and Z-isomers.56-58 In 

2007, Cabrera et al. reported the first E-ethenyl-linked BODIPY dimer through a 
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 3

homometathesis reaction of the corresponding 8-phenylvinyl-BODIPY monomers 

(Scheme 1, i).59 Bröring et al. further developed a series of ethenyl- and ethynyl-linked 

BODIPYs via the α or β pyrrolic positions of the BODIPY core (Scheme 1, ii).60 

However, the synthesis of a Z-ethenyl-linked BODIPY dimer has not yet been described, 

thus hampering the comparative investigation of the structures and photophysical 

properties of the two isomers. In addition, the methodology previously reported for the 

synthesis of E-BODIPY dimers from monomers, via metal-mediated metathesis reactions, 

is not applicable for the synthesis of Z-BODIPY dimers due to the special requirement of 

a Z-selective metathesis catalyst. An alternative synthetic route that involves the 

installation of the required stereochemistry in the linker first, rather than from direct 

coupling of monomers, is more versatile. Herein, we describe the facile synthesis of E- 

and Z-ethenyl-linked BODIPY dimers from the corresponding bis-benzaldehydes cores to 

the BODIPY branches. This methodology takes advantage from the well-established 

stereoselective syntheses of E- and Z-4,4’-formylstilbene,61, 65 followed by the classical 

BODIPY formation involving pyrrole condensation, oxidation and boron complexation. 

In order to further explore the role of the linker, an ethynyl-linked BODIPY dimer was 

also prepared from 4,4’-(ethyne-1,2-diyl)dibenzaldehyde. A systematic comparison of all 

dimers with a BODIPY monomer was conducted to evaluate the influence of linker on 

their spectroscopic and photophysical properties. 
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 4

 

Scheme 1. Approaches to E/Z-ethenyl-linked BODIPYs 

2. EXPERIMENTAL SECTION 

2.1. Synthesis 

Materials. Commercially available chemical reagents and solvents were used without further 

purification. Reactions were monitored by thin layer chromatography (TLC) on pre-coated silica 

gel plates (polyester backed, 60 Å, 0.2 mm). Purifications were performed by column 

chromatography on silica gel (230-400 mesh, 60 Å), and by preparative TLC. 1H, 11B and 13C 

NMR spectra were measured on NMR spectrometers (400 or 500 MHz for 1H NMR, 100 or 

125 MHz for 13C NMR and 128 MHz for 11B NMR using tetramethylsilane (TMS) or 

BF3·OEt2 as external reference) at 300K. Chemical shifts (δ) are given in ppm (deuterated 
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 5

chloroform at 7.27 ppm for 1H NMR and 77.0 ppm for 13C NMR) relative to TMS. High-

resolution mass spectra (HRMS) were obtained in the ESI-TOF mode. Data utilized to 

determine the crystal structures were collected at low temperature on a Bruker Kappa Apex-II 

DUO diffractometer equipped with a focusing monochromator for the Mo X-ray beam, a Cu 

microfocus X-ray source, and a sample chiller. 

2.1.1. General Procedure for Preparing BODIPY Dimers  

To a stirred solution of dialdehyde (47 mg, 0.20 mmol) and 2-ethoxycarbonyl-3,4-

dimethylpyrrole (133 mg, 0.80 mmol)62 in dichloromethane (10 ml) were added three drops of 

BF3•OEt2 under an argon atmosphere. After 24 h stirring at room temperature, DDQ (91 mg, 0.40 

mmol) in dichloromethane (3 ml) was added to the mixture. The reaction mixture was stirred for 

another 1 h and triethylamine (0.6 ml) and BF3•OEt2 (0.6 ml) were quickly added to the mixture 

under ice bath. The reaction was allowed to warm to room temperature and stirring continued for 

8 h until TLC indicated disappearance of dialdehyde. The mixture was washed with 1M HCl (1 x 

20 mL), sat. NaHCO3 (1 x 20 mL) and sat. NaCl (1 x 20 mL) before being dried over anhydrous 

Na2SO4. The solvent was removed under vacuum and the residue was purified by silica gel 

column chromatography (elution: hexanes/ethyl acetate 3:1).  

E-Ethenyl-BODIPY dimer 1a. This BODIPY was prepared from E-4,4’-

formylstilbene65 and 2,4-dimethyl-1H-pyrrole-3-carboxylic acid ethyl ester, yielding 59 mg 

(31%) of the dimer as a red solid. Mp (°C) >202 decomp.; 1H NMR (400 MHz, CDCl3) δ 7.74 

(d, J = 8.1 Hz, 4H), 7.32 (s, 2H), 7.29 (d, J = 8.1 Hz, 4H), 4.47 (q, J = 7.1 Hz, 8H), 2.01 (s, 12H), 

1.44 (t, J = 7.1 Hz, 12H), 1.40 (s, 12H); 13C NMR (126 MHz, CDCl3) δ 162.20, 147.80, 145.32, 

141.89, 138.24, 134.31, 133.13, 129.53, 129.17, 128.20, 127.68, 62.00, 14.01, 12.42, 9.56; 11B 
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 6

NMR (CDCl3, 128 MHz) δ 0.24 (t, J = 27.6 Hz); HRMS (ESI-TOF) m/z [M +K]+ 999.3725 

calcd for C52H54B2F4KN4O8 999.3712. 

E-Ethenyl-BODIPY dimer 1b. This BODIPY was prepared from E-4,4’-

formylstilbene65 and 4-ethyl-2-methyl-1H-pyrrole-3-carboxylic acid ethyl ester, yielding 69 mg 

(34%) of the dimer as a red solid. Mp (°C) >215 decomp.; 1H NMR (400 MHz, CDCl3) δ 7.75 

(d, J = 8.2 Hz, 4H), 7.33 (s, 2H), 7.32 (d, J = 7.3 Hz, 4H), 4.47 (q, J = 7.1 Hz, 8H), 2.45 (q, J = 

7.4 Hz, 8H), 1.50 – 1.35 (m, 24H), 1.04 (t, J = 7.5 Hz, 12H); 13C NMR (126 MHz, CDCl3) δ 

162.27, 147.77, 145.20, 141.33, 138.21, 135.55, 134.36, 133.13, 129.16, 128.19, 127.69, 62.00, 

17.52, 14.69, 13.98, 12.12; 11B NMR (128 MHz, CDCl3) δ 0.23 (t, J = 28 Hz); HRMS (ESI-

TOF) m/z [M +Na]+ 1039.4606 calcd for C56H62B2F4N4NaO8 1039.4582. 

Z-Ethenyl-BODIPY dimer 2. This BODIPY was prepared from Z-4,4’-formylstilbene,61 

yielding 44 mg (23%) of the dimer as a red solid. Mp (°C) >184 decomp.; 1H NMR (CDCl3, 400 

MHz) δ 7.38 (d, J = 8.1 Hz, 4H), 7.12 (d, J = 8.1 Hz, 4H), 6.85 (s, 2H), 4.45 (q, J = 7.1 Hz, 8H), 

1.99 (s, 12H), 1.42 (t, J = 7.1 Hz, 12H), 1.39 (s, 12H); 13C NMR (CDCl3, 125 MHz) δ 162.14, 

147.65, 145.34, 141.59, 138.54, 133.72, 133.04, 130.96, 130.19, 129.60, 127.65, 62.00, 13.99, 

12.34, 9.58; 11B NMR (CDCl3, 128 MHz) δ 0.20 (t, J = 27.6 Hz); HRMS (ESI-TOF) m/z [M 

+H]+ 961.4166 calcd for C52H55B2F4N4O8 961.4142. 

Ethynyl-BODIPY dimer 3 and its byproduct 4. BODIPY 3 was prepared from 4,4’-

(ethyne-1,2-diyl)dibenzaldehyde,63 yielding 53 mg (28%) of the dimer as a red solid. Mp (°C) 

>220 decomp.; 1H NMR (CDCl3, 400 MHz) δ 7.76 (d, J = 8.2 Hz, 4H), 7.31 (d, J = 8.2 Hz, 4H), 

4.47 (q, J = 7.1 Hz, 8H), 2.01 (s, 12H), 1.44 (t, J = 7.1 Hz, 12H), 1.39 (s, 12H); 13C NMR 

(CDCl3, 125 MHz) δ 162.13, 147.03, 145.55, 141.80, 135.05, 132.90, 132.77, 129.64, 127.98, 

124.36, 90.24, 62.04, 14.00, 12.46, 9.55; 11B NMR (CDCl3, 128 MHz) δ 0.22 (t, J = 27.5 Hz); 
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 7

HRMS (ESI-TOF) m/z [M +H]+ 959.3998 calcd for C52H53B2F4N4O8 959.3980. Its byproduct 

BODIPY 4 was obtained in 6% yield as a red solid. Mp (°C) >235 decomp.; 1H NMR (400 MHz, 

CD2Cl2) δ 9.40 (s, 1H), 7.78 (d, J = 8.3 Hz, 2H), 7.76 – 7.67 (m, 4H), 7.35 (d, J = 8.3 Hz, 2H), 

4.42 (q, J = 7.1 Hz, 4H), 4.35 (q, J = 7.1 Hz, 4H), 2.29 (s, 3H), 2.03 (s, 3H), 2.00 (s, 6H), 1.44 – 

1.37 (m, 15H); 11B NMR (128 MHz, CD2Cl2) δ 0.12 (t, J = 27.6 Hz); HRMS (ESI-TOF) m/z [M 

+Na]+ 784.2996 calcd for C43H42BF2N3NaO7 784.2976. 

1,2,6,7,-Tetramethyl-3,5-di(ethoxycarbonyl)-8-phenyl-BODIPY 5. The general 

procedure was followed with modified molar ratio of reagents: benzaldehyde (47 mg, 0.20 

mmol), 2-ethoxycarbonyl-3,4-dimethylpyrrole (66 mg, 0.40 mmol), DDQ (45 mg, 0.20 mmol). 

The compound was obtained in 49 mg (53%) yield as a red solid. Mp (°C) >245 decomp.; 1H 

NMR (CDCl3, 400 MHz) δ 7.56 – 7.52 (m, 3H), 7.28 – 7.22 (m, 5H), 4.46 (q, J = 7.1 Hz, 4H), 

1.99 (s, 6H), 1.43 (t, J = 7.1 Hz, 6H), 1.31 (s, 6H); 13C NMR (CDCl3, 125 MHz) δ 162.24, 

148.27, 145.17, 142.09, 134.71, 133.17, 129.71, 129.56, 129.42, 127.49, 61.94, 14.01, 12.19, 

9.52; 11B NMR (CDCl3, 128 MHz) δ 0.23 (t, J = 27.7 Hz); HRMS (ESI-TOF) m/z [M +Na]+ 

491.1933 calcd for C25H27BF2N2NaO4 491.1924. 

 

2.2. Crystal data 

Structures of compounds 1b, 2, 3, and 4 were determined from low-temperature diffraction data 

measured on a Bruker Kappa Apex-II DUO diffractometer with MoKα (λ=0.71073 Å) or CuKα 

(λ=1.54184 Å) radiation. Intensities were corrected for absorption using Bruker SADABS. 

Structures were solved by direct methods and refined using  SHELXL2014, with hydrogen atoms 

placed in calculated positions. Crystal Data: 1b, C56H62B2F4N4O8, M = 1016.72, monoclinic, 

space group I2/a, a = 17.4387(4), b = 13.6958(2), c = 21.7973(3) Å, β = 96.513(2)˚, U = 
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 8

5172.40(16) Å3, T = 150 K,  Z = 4, Dc = 1.306 g cm-3, µ(MoKα) = 0.10 mm-1, 55742 reflections 

measured, θmax = 31.5˚, 8557 unique (Rint = 0.045), final R = 0.053 (5997 I>2σ(I) data), 370 

parameters, wR(F
2
) = 0.159 (all data), CCDC 1841069; 2, C52H54B2F4N4O8, M = 960.61, 

monoclinic, space group P21/c, a = 21.6230(7), b = 11.4575(3), c = 19.1802(6) Å, β = 

91.350(2)˚, U = 4750.5(2)Å3, T = 110 K,  Z = 4, Dc = 1.343 g cm-3, µ(MoKα) = 0.10 mm-1, 

28382 reflections measured, θmax = 26.5˚, 9764 unique (Rint = 0.043), final R = 0.050 (6482 

I>2σ(I) data), 643 parameters, wR(F
2
) = 0.130 (all data), CCDC 1841070; 3, C52H52B2F4N4O8, M 

= 958.59, monoclinic, space group P21/n, a = 14.1888(4), b = 20.3677(6), c = 16.9823(5) Å, β = 

94.375(2)˚, U = 4893.5(2)Å3, T = 100 K,  Z = 4, Dc = 1.301 g cm-3, µ(CuKα) = 0.81 mm-1, 

47343 reflections measured, θmax = 68.3˚, 8865 unique (Rint = 0.056), final R = 0.066 (5165 

I>2σ(I) data), 643 parameters,wR(F
2
) = 0.196 (all data), CCDC 1841071; 4, C43H42BF2N3O7, M 

= 761.60, monoclinic, space group P21/n, a = 14.2474(3), b = 12.0988(3), c = 22.9831(5) Å, β = 

106.8142(14)˚, U = 3792.37(15)Å3, T = 100 K,  Z = 4, Dc = 1.334 g cm-3, µ(CuKα) = 0.80 mm-1, 

24738 reflections measured, θmax = 69.4˚, 6884 unique (Rint = 0.033), final R = 0.040 (5648 

I>2σ(I) data), 517 parameters,wR(F
2
) = 0.111 (all data), CCDC 1841072. 

 

2.3. Spectroscopy 

All UV−visible and fluorescence spectra of BODIPYs were obtained on a UV spectrophotometer 

and a luminescence spectrophotometer at 298 K, respectively. 10 mm path length quartz cuvettes 

and spectroscopic grade solvents were used for both of the measurements. Molar absorption 

coefficients (ε) were calculated from the slope of absorbance vs concentration with absorbance in 

the range of 0.2−1.0. Fluorescence quantum yields (Φf) were determined on a series of dilute 
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 9

solutions with absorbance values between 0.02 and 0.06 at a particular excitation wavelength. 

Rhodamine B (0.70 in methanol) were chosen as external standards for all BODIPYs. The 

relative fluorescence quantum yields (Φf) were determined using the equation: 

ΦX=ΦS(IX/IS)(AS/AX)(nX/nS)2, where Φ refers to the fluorescence quantum yields; n represents 

the refractive indexes of the solvents used for the measurement, Grad refers to the gradient of 

integrated fluorescence intensity vs the corresponding absorbance; subscripts x and std represent 

the tested samples and the external standards, respectively. 

 

2.4. Computational Methods 

The geometries of all compounds and complexes were optimized without symmetry constraints 

using two methods: CAM-B3LYP/6-31+G(d,p)70 and M06-2X/6-31+G(d,p).71 The stationary 

points on the potential energy surface were confirmed with frequency calculations. The 

absorption spectra were calculated in THF using the TD-DFT method72 and both CAM-

B3LYP/6-31+G(d) and M06-2X/6-31+G(d) level, as recommended in several papers and 

reviews.73-75 The solvent effects were taken into account using the Polarized Continuum Model 

(PCM).76, 77 All calculations were performed using the Gaussian 09 program package.78 

 

3. RESULTS AND DISCUSSION 

 3.1. Synthesis of BODIPY dimers 

The synthetic route to the E-ethenyl (1a,b), Z-ethenyl- (2) and ethynyl-(3) BODIPY 

dimers, from the corresponding bis-benzaldehydes cores, is shown in Scheme 2. The E-
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 10

4,4’-bromostilbene was synthesized as the main product from the McMurray reaction of 

4-bromobenzaldehyde, as previously reported.64 On the other hand, the Z-4,4’-

bromostilbene was obtained as the major product from the one-pot Kornblum-type 

oxidation and in situ Wittig reaction of 4-bromobenzylbromide.61 Both these reactions 

required the separation of the main regioisomer, which was readily accomplished by 

column chromatography. Formylation of the pure E- or Z-4,4’-bromostilbene isomers 

using n-BuLi and DMF at -78 oC, gave the corresponding E- and Z-4,4’-formylstilbenes, 

in 57 and 52% yields, respectively.63 Condensation of the E-4,4’-formylstilbene with 2-

ethoxycarbonyl-3,4-dimethylpyrrole or 2-ethoxycarbonyl-3-ethyl-4-methylpyrrole,62, 66 followed 

by DDQ oxidation and boron complexation with boron trifluoride etherate under basic 

conditions, gave the E-ethenyl-linked BODIPYs 1a and 1b, respectively, in 31-34% 

overall yields. Using a similar procedure, the Z-ethenyl BODIPY dimer 2 was obtained 

from Z-4,4’-formylstilbene in 23% yield. The ethoxycarbonyl-functionalized pyrroles 

were chosen to minimize side reactions and to increase the stability of the targeted 

dimers. Furthermore, the ethoxycarbonyl functionalities could be used subsequently for 

conjugation upon ester cleavage. 

Previously reported ethynyl-linked BODIPY dimers were prepared from BODIPY 

monomers via alkyne metathesis or Sonogashira cross-coupling reactions.59, 60 Our new 

alternative synthetic route involved the synthesis of the linker first followed by assembly 

of the BODIPY units, as in the case of the E- and Z-ethenyl dimers (Scheme 2). The 4,4’-

(ethyne-1,2-diyl)dibenzaldehyde core was synthesized in one step through Pd(0)-

catalyzed diarylation of propiolic acid, as previously reported.64 Condensation of the 
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 11

dibenzaldehyde with 2-ethoxycarbonyl-3,4-dimethylpyrrole, followed by oxidation and boron 

complexation, gave ethynyl-linked BODIPY 3 in 28% yield. 

One of the side products observed in all the above synthesis of dimers, was a 

mono-BODIPY ketopyrrole, obtained from oxidation at the benzylic position. In the case 

of the ethynyl-linked dimer 3, the side product 4 was isolated and its structure was 

characterized by 1H-NMR, HRMS, and by X-ray crystallography. Such ketopyrrole 

byproducts have been previously observed during the synthesis of meso-phenyl-bridged 

BODIPY dimers.67 
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 12

Scheme 2. Synthesis of BODIPY dimers 1a, 1b, 2, 3 

2.2. X-ray structure characterization 

Crystals of BODIPYs 1b, 2, 3 and 4 suitable for X-ray analysis were obtained from slow 

evaporation of CH2Cl2 and their structures are shown in Figure 1. Over the four 

structures, B-F distances fell within the range 1.3663(17) - 1.385(5) Å with mean value 

1.378 Å, while values for B-N distances were 1.552(5) - 1.566(2) Å and 1.558 Å. Central 

C=C distances were 1.332(3) Å in 1b and 1.323(3) Å in 2, while triple-bond distances 

were shorter, 1.196(5) Å in 3 and 1.198(2) Å in 4. The E isomer 1b lies on a 

crystallographic twofold axis and thus has one independent BODIPY group. Its C3N2B 

core has a twisted conformation, in which the B lies +0.192 Å and one N lies -0.165 Å out 

of the plane of the other four atoms. On the other hand, the Z isomer 2 has two 

independent BODIPYs, and both have C3N2B cores with envelope conformations, the B 

atoms lying 0.314 and 0.317 Å out of the best planes of the other five atoms. The ethynyl-

linked dimer 3 also has its C3N2B cores in similar envelope conformations, the B atoms 

lying 0.217 and 0.288 Å out of the best planes of the other five atoms. The single 

BODIPY in ethynyl-linked 4 has a similar envelope core with the B atom 0.327 Å out of 

plane. These envelopes impart an overall bowed conformation on the C9N2B moieties, 

with the two pyrroles tilted in the same direction out of the central plane. They also cause 

the two F atoms on each BF2 unit to lie out of plane by different amounts, 0.57 and 1.61 Å 

(averages of five values over structures 2, 3, and 4). The corresponding tilt of the BF2 

group in 1b is more pronounced, with out-of-plane deviations 0.46 and 1.65 Å for its two 

F atoms. 
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The phenyl groups of the linkers at the meso(8)-positions form similar dihedral 

angles with the BODIPY core planes over the four reported structures. In 1b, this dihedral 

angle is 65.6˚, in 2 the two values are 75.3 and 83.0˚, in 3 they are 71.6 and 78.7˚, and in 4, the 

dihedral angle is 76.9˚. The two phenyl groups of the linkers in dimers 1b, 2 and 3 exhibit a wide 

range of deviations from coplanarity, the smallest observed for the diphenylethynyl and the 

largest for the Z-diphenylethene linker: in the (E)-stilbene linker of 1b, the two phenyl planes 

form a dihedral angle of 23.8˚, in the (Z)-stilbene of 2, the value is 59.2˚, and in the 

diphenylethyne linkers of 3 the values decreases to 20.0˚. In the case of 4, the angle is 85.0˚due 

to the extended conjugation with the ketopyrrole. 

The packing of molecules of 1b feature intermolecular C-H…O interactions and 

C-H…F interactions, which involve the central olefinic hydrogen atoms. We did not 

observed stacking of either phenyl groups or BODIPY cores in any of the BODIPY 

dimers, as no centroid…centroid distances were shorter than 6 Å. Although in 3 no 

stacking of phenyl groups nor BODIPYs were observed, one pyrrole unit has a 

perpendicular spacing of 3.63 Å with an inversion related one. However, the centroids of 

these rings are slipped by 1.93 Å, such that the distance between centroids is 4.11 Å. The 

predominant contacts involve ester groups and a few edge-on C-H…F contacts involving phenyl 

groups. Similarly, in 4 there is no stacking of phenyl nor BODIPY planes, but intermolecular 

contacts generally involve esters and edge-on phenyl C-H…F interactions. 
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Figure 1. Crystal structures of BODIPYs 1b (top left), 2 (top right), 3 (bottom left) and 4 

(bottom right) with 50% ellipsoids. 

 

2.3. Spectroscopic characterization  

The BODIPY dimers 1a, 1b, 2, 3 and 1,2,6,7,-tetramethyl-3,5-di(ethoxycarbonyl)-8-phenyl-

BODIPY 5 were characterized by 1H, 11B and 13C NMR. All BODIPY derivatives exhibited a 

triplet in their 11B-NMR at around 0.20 ppm with ca. JBF = 28 Hz. The 1H-NMR spectra 

displayed the olefinic protons for the E-dimers 1a,b downfield shifted at about 7.32 ppm relative 

to the Z-dimer 2 olefinic protons, which appear at 6.85 ppm, as shown in Figure 2. The singlet 

peak of the olefinic protons shows the symmetry of the BODIPY dimers. The phenyl protons in 

E-dimers 1a,b are appear downfield shifted compared with those of the Z-dimer 2 due to the 

shielding effect of the phenyl group as a result of the cis geometry (see Figure 1). Similarly, the 

phenyl protons of ethynyl-linked 3 show similar chemical shifts to those of E-dimers 1a,b. The 
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ethynyl-linked BODIPY dimer 3 shows a single peak at 90.24 ppm in 13C-NMR, indicating 

the ethynyl group is incorporated in the symmetric structure. 

 

Figure 2. 1H NMR spectrum (400 MHz) of dimers 1a (top), 2 (middle) and 3 (bottom) in CDCl3 

at 315 K. The a and b signals correspond to the olefinic protons of 1a and 2, respectively. 

 

 

Figure 3. Normalized UV-vis (left) and fluorescence (right) emission spectra of BODIPY dimers 

1a (pink), 2 (blue), 3 (green) and monomer 5 (red) in THF at room temperature. 
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The absorption and emission spectra of BODIPYs 1a, 2, 3 and 5 in THF were 

investigated and the results are summarized in Table 1 and Figure 3. Strong S0-S1 transitions 

with high molar absorption coefficients were observed for all compounds. The weaker and 

broader absorption band at lower wavelength (400 nm) are attributed to S0-Sn (n ≥ 2) transitions 

of the BODIPY moiety. This was confirmed with TD-DT calculations as discussed section 2.4. 

Absorption and emission maxima are almost identical for all three BODIPY dimers and the 

monomer at λ=534 nm and λ=560 nm, respectively (Table 1). The orthogonal structure of the 

meso-phenyl and the BODIPY cores hampered the electronic conjugation through bonds 

between the stilbene and BODIPY moieties. Intramolecular stacking was not observed between 

the two independent BODIPY units in the Z-ethenyl-linked BODIPY dimer, as indicated by the 

lack of the shifted absorption bands as described in the Kasha model, which characterize a 

stacked monomer pair.68 In the case of dimers 1a,b, J-type or H-type aggregation is not 

observed because the BODIPY units are not closely positioned, and the existence of two 

free rotation bonds within the linker. The BODIPY monomer 5 exhibits relatively higher 

fluorescence quantum yield (Φ = 0.88) compared with all dimers. The symmetry breaking ICT 

probably occurs upon the formation of non-emissive charge-transfer state in dimers bearing 

identical BODIPY units, resulting in the lower fluorescence quantum yields of the dimers 

relative to the monomer.69 Among the dimers, the E-ethenyl linked dimer 1a displayed the 

highest fluorescence quantum yield (Φ = 0.56). 
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Table 1. Experimental and TDDFT calculated spectroscopic properties of BODIPYs in THF. Two computational methods were 

used: a) CAM-B3LYP/6-31+G(d) and b) M06-2X/6-31+G(d). All calculations were done in THF. 

  Leading 
Transition(s) 

E (eV) λabs (nm) Oscillator 
strength 

log ε λem 
(nm) 

Φf
* Stokes 

shift 
(cm-1) 

Method   a b a b exp a b exp exp exp exp 
Monomer S1 HOMO→LUMO 2.759 2.718 449.39 456.23 534 0.6002 0.5811 4.19  562 0.88 933 
 S2 HOMO-1→LUMO 3.4339 3.4146 361.06 363.10  0.1447 0.1534     
Dimer 1a S1 HOMO-1→LUMO 2.755 2.709 449.97 457.72 534 0.0876 0.1503 4.15 561 0.56 901 
  HOMO→LUMO+1            
 S1

’ 
HOMO→LUMO+1 2.765 2.717 448.49 456.33  1.0843 0.9765     

  HOMO-1→LUMO            
 S2 HOMO-2→LUMO 3.3902 3.2266 365.71 384.26  0.1343 0.4824     
Dimer 2 S1 HOMO-1→LUMO 2.757  449.6  534 0.3153  4.38 560 0.44 869 
  HOMO→LUMO+1            
 S1

’ 
HOMO→LUMO+1 2.764  448.59   0.8398      

  HOMO-1→LUMO            
 S2 HOMO-2→LUMO 3.4359  360.85   0.1219      
Dimer 3 S1 HOMO-1→LUMO 2.749 2.649 451.1 468.01 534 0.0411 0.3637 4.41 559 0.32 838 
  HOMO→LUMO+1            
 S1

’ 
HOMO→LUMO+1 2.758 2.659 449.55 466.31  1.1334 0.7099     

  HOMO-1→LUMO            
 S2 HOMO-2→LUMO 3.427 2.7874 361.78 441.81  0.0571 0.3218     
*Rhodamine B (0.70 in ethanol) was used as standard. The error associated with the fluorescence quantum yield determination is 0.02 
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2.4. Computational Study  

The geometries, energies, molecular orbitals, and UV-vis absorption properties of BODIPY 

dimers 1a, 2, 3 (Scheme 2) and monomer 5 were modeled computationally using the 

corresponding methyl esters. The coordinates of the optimized structures are given in Tables S1-

S3 of the Supporting information. In agreement with the X-ray structure results reported above, 

the phenyl groups of the linkers in dimers 1a, 2 and 3 exhibit a wide range of deviations from 

coplanarity. The difference with the experiment is that dimer 3 is nearly planar (dihedral angle 

between the phenyl planes of only 1-2 degrees). This difference might be due to the modeling in 

solution (THF). In agreement with the experiment, the BF2 group is tilted outside the 

BODIPY core plane for all modeled compounds. In addition, the phenyl groups of the 

linkers are nearly perpendicular to the BODIPY core planes (calculated dihedral angle of 

81-85 in dimer 1a, 80-91 in dimer 2, and 85-89 in dimer 3).  

The shapes and the energies of the molecular orbitals involved in leading transitions for 

the monomer and all three dimers are shown in Figures S24-S27 of the Supporting Information. 

It can be seen that upon formation of the dimer, the HOMO of the monomer splits into two 

orbitals: HOMO and HOMO-1 (one per each monomer unit). Similarly, the LUMO of the 

monomer splits into LUMO and LUMO+1 in the dimer (Figure 4). The two new orbitals are 

similar in energy but are not degenerate. For all dimers, the energy splitting is more pronounced 

in the LUMO than in the HOMO. The energy splitting is the greatest in the case of dimer 2 

(0.011 eV for HOMO and 0.021 eV for LUMO), which could be expected based on the 

greatest deviation from planarity of the linker and the two meso-phenyl groups in this case. For 

dimers 1a and 3, the HOMO splitting is negligible (0.001 eV in both cases). The LUMO splitting 

is greater (0.010 eV and 0.007 eV, respectively) but still smaller than the one observed for dimer 
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2. The observed trends are valid regardless of the functional used for the calculation (CAM-

B3LYP or M06-2X). 

 

Figure 4. Splitting of monomer’s HOMO and LUMO into two orbitals each in dimer 1a (0.001 

eV for HOMO and 0.010 eV for LUMO). Similar splitting is observed in dimers 2 (0.011 eV for 

HOMO and 0.021 eV for LUMO) and 3 (0.001 eV for HOMO and 0.007 eV for LUMO). 

 

Table 1 gives the TD-DFT calculated excitation energies, wavelengths, and oscillator 

strengths for monomer 5 and dimers 1a, 2 and 3. Due to the above discussed splitting of the 

MOs, instead of a single S0→S1 transition, as in the monomer, two transitions exist for all 
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dimers: S0→S1 and S0→S’
1, each associated with a separate monomer unit in the dimer. The 

absorption wavelengths of the two peaks are so close to each other that experimentally, only one 

peak is observed. The leading transition in the monomer is HOMO→LUMO. Upon dimerization, 

this transition is split into two transitions both including HOMO-1→LUMO and 

HOMO→LUMO+1 but in one of them (S0→S1) the first is predominant, whereas in the other 

one (S0→S’1), the second is predominant. This behavior is observed in all of the studied dimers. 

Interestingly, the S0→S’1 transition (where HOMO→LUMO+1 is predominant), has 

significantly higher oscillator strength than the S0→S1 transition. This is especially true for the 

more symmetric dimers 1a and 3. Comparison with the shapes of the orbitals demonstrates that 

HOMO-1→LUMO and HOMO→LUMO+1 transitions correspond to the HOMO→LUMO 

transitions in the separate monomer unit (see Supporting Information, Figures S24-S27).  

The above results show that the leading transitions have little mixing, which might 

explain the experimentally observed smaller quantum yields for the dimers compared to the 

monomer. The excitation energies of the dimers are very similar to the excitation energies of the 

monomer with a shift of only about 1 nm. This is in agreement with the experimentally observed 

values, with little to no change in the maximum absorption wavelengths upon dimerization. 

Moreover, since the MOs associated with the linker part of the dimers are not involved in the 

maximum intensity transition (these are HOMO-2 in all dimers, see Figures S24-S27 of the 

Supporting Information), it is not surprising that all dimers demonstrate very similar maximum 

absorption and maximum emission wavelengths. The HOMO-2 orbitals play a major part in the 

shorter wavelengths S0→S2 transition. This is in agreement with the experimentally observed 

difference in the absorption spectra at shorter wavelengths (see Figure 3).  
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Interestingly, it appears that the CAM-B3LYP functional better predicts the absorption 

wavelengths of these compounds. M06-2X gives large shifts for all dimers, especially for dimer 

3. On the other hand, M06-2X appears to give more meaningful oscillator strengths. DFT 

calculations at the CAM-B3LYP level also showed that dimer 1a is slightly lower in energy than 

dimers 2 by 4.7 kcal/mol. 

 

4. CONCLUSIONS 

A synthetic route was developed for the preparation of four meso-meso BODIPY dimers with 

different linkers (E-ethenyl, Z-ethenyl, and ethynyl diphenyl). The synthesis of the precursor 

dialdehyde cores prior to the formation of the BODIPY units allowed the easy incorporation of 

E-or Z-ethenyl stereochemistry into the linker and facilitated their purification. The structures of 

the linkers and the arrangement of the BODIPY units in the dimers were investigated by NMR 

spectroscopy, X-ray crystallography, and DFT calculations. The ethynyl-linked dimer displayed 

the most planar conformation, closely followed by the E-ethynyl dimers, with the linker phenyl 

groups nearly perpendicular to the BODIPY core planes for all dimers. Intramolecular 

aggregation of BODIPY units was not observed, and all BODIPYs displayed similar absorption 

and emission wavelengths. Among the dimers, the E-ethenyl linked one showed the highest 

fluorescence quantum yield. 
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Synthesis of BODIPY dimers 1a, 1b, 2, 3  
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Crystal structures of BODIPYs 1b (top left), 2 (top right), 3 (bottom left) and 4 (bottom right) with 50% 
ellipsoids.  
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1H NMR spectrum (400 MHz) of dimers 1a (top), 2 (middle) and 3 (bottom) in CDCl3 at 315 K. The a and b 
signals correspond to the olefinic protons of 1a and 2, respectively.  
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Normalized UV-vis (left) and fluorescence (right) emission spectra of BODIPY dimers 1a (pink), 2 (blue), 3 
(green) and monomer 5 (red) in THF at room temperature.  
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