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Abstract  

A series of p-extended distyryl-substituted boron dipyrromethene (BODIPY) derivatives with intense far-
red/ near-infrared (NIR) fluorescence was synthesized and charac terized, with a view to enhance the dye’s 
performance for fluorescence labeling. An enhanced brightness was achieved by the introduction of two 
methyl substituents in the meso positions on the phenyl group of the BODIPY molecule; these 
substituents resulted in increased structural rigidity. Solid-state fluorescence was observed for one of 
the distyr yl-substituted BODIPY derivatives. The introduction of a terminal bromo substituent allows for 
the subsequent immobilization of the BODIPY fluorophore on the surface of carbon nano-onions 
(CNOs), which leads to potential imaging agents for biological and biomedical applications. The far- 
red/NIR-fluorescent CNO nanoparticles were characterized by absorption, fluorescence, and Raman 
spectroscopies, as well as by thermogravimetric analysis, dynamic light scattering, high-resolution 
transmission electron microscopy, and confocal microscopy. 
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Introduction 

Boron dipyrromethenes (BODIPYs) are versatile dyes that have been applied as fluorescence indicators,[1] as 

chromophores in dye-sensitized solar cells,[2] as triplet photosensitizers,[3,4] and, based on their ability to 

induce the formation of singlet oxygen upon illumination, in the photodynamic therapy of cancer.[5] The 

major advantage of BODIPY dyes is their synthet- ic versatility in combination with their high 

photostability.[6–8] For biological applications, various BODIPY fluorophores are commercially available as 

labels for a multitude of purposes.[9] 

A high fluorescence quantum yield is desirable for any application in imaging, because this allows for the 

detection of the fluorescence signal even at a very low fluorophore concentra tion and gives rise to 

bright images. One general approach for increasing the fluorescence quantum yield of fluorophores is 

to increase the rigidity of the dye’s molecular structure. This concept was previously reported for BODIPY 

dyes and can be readily accomplished by hindering the rotation of substituents in the meso position of 

the BODIPY structure.[10–13] For meso- pyridyl-substituted BODIPYs, for example, the fluorescence quantum 

yield was increased from 0.30 to 0.98 by introducing two chloro substituents in the 3- and 5-positions of 

the pyridine moiety.[13] 

Solid-state fluorescence is an interesting but rare characteristic of organic dyes in general and BODIPYs in 

particular. A variety of different synthetic strategies to achieve solid-state fluorescence have been 

investigated. Leading examples include the introduction of bulky substituents,[14–19] dimerization,[20,21] 

and control over the BODIPY aggregation pattern by introducing trifluoromethyl substituents.[22] All of 

these approaches modify the BODIPY molecular structure to suppress p–p stacking of the BODIPY building 

blocks in the solid state. This general concept has also been reported for other fluorophores.[23,24] 

Carbon nanomaterials are widely employed as imaging agents in biology and biomedicine by using a 

variety of approaches.[25] However, the application of BODIPY fluorophores in combination with carbon 

nanostructures has not been widely explored. We recently reported our findings with carbon nano-

onions (CNOs) labeled with a green-fluorescent BODIPY dye for high-resolution cellular imaging of 

MCF-7 human breast cancer cells.[26] The CNOs act as molecular shuttles and facilitate the delivery of the 

dye molecules into the cells. CNOs are an exciting class of carbon nanomaterials,[27] which are typically 

prepared by thermal annealing of nanodia monds[28–30] and various other methods.[31] In the past, CNOs 

were employed in a variety of fields and their synthetic surface modification was investigated.[32,33] In 

addition to biomedical imaging, other prominent examples for which CNOs have been successfully 

employed include tribology,[34,35] energy ap- plications like lithium-ion batteries[36,37] and fuel cells,[38] 



catalysis,[39,40] and electronic applications, such as terahertz shielding[41] and in capacitors.[42,43] The low 

cytotoxicity observed for our functionalized CNOs[44,45] is one important aspect that renders the CNOs as 

ideal vectors for biological and biomedicinal applications. 

In the present study, we prepared novel, highly fluorescent BODIPY dyes that emit in the biomedically 

important far-red/ near-infrared (NIR) region and we investigated their intrinsic properties and 

combined them with carbon nano-onions, which led to a far-red/NIR-fluorescent nanoprobe. In 

addition, this report highlights the single-crystal solid-state fluorescence features of one of the BODIPY 

derivatives, a property that is of special interest for future applications in optical devices. 

Results and Discussion 

The synthetic procedures are summarized in Scheme 1 and Scheme 2. Briefly, the initial BODIPY fluorophore 

1 was pre- pared by a one-pot, multistep reaction in satisfactory yield byusing ethanol as a cosolvent 

with dichloromethane, as previously described.[13] BODIPY 1 was synthesized earlier by another method;[46] 

however, the synthetic strategy presented herein led to a significant increase of the yield from 21 to 47 %. A 

Knoevenagel type condensation was subsequently performed, by following reported reaction 

conditions.[47] The reaction with p-anisaldehyde led to the dark-blue, red-fluorescent BODIPY derivative 2. 

Recrystallization from a dichloromethane solution, layered with methanol, resulted in the formation of X-

ray-quality crystals. From 2, an excess of 1,4-dibromobutane, in the presence of K2CO3 as a base, was 

used to prepare the bromo- terminated BODIPY alkyl ether derivative 3. X-ray-quality crystals were 

obtained by recrystallization of 3 from a hexane-layered dichloromethane solution. Toward the 

functionalization of CNOs, another etherification was conducted with the previously reported CNO-OH[48] 

and BODIPY 3. CNO-OH was dispersed in acetone and heated under reflux together with BODIPY 

derivative 3 in the presence of K2CO3. The functionalized CNOs were recovered by filtration with a nylon 

membrane (0.2 mm) and purified by careful washing with plenty of solvent, until all non-CNO-bound 

fluorophore and other impurities were  removed. 

Spectroscopic analysis of the BODIPY dyes revealed an in- tense green fluorescence for 1 and red/NIR 

fluorescence for 2 and 3, with high fluorescence quantum yields. The absorption and fluorescence 

features are typical for the substitution pat- tern of the BODIPY derivatives; see Figure 1 and Table 1. 

Compound 1 has an absorption maximum at 504 nm, an emission maximum at 517 nm, and a 

fluorescence quantum yield of 0.94 (in chloroform). Distyryl-substituted BODIPY derivatives 2 and 3 

show absorption maxima in chloroform at 644 nm and emission maxima at 664 and 662 nm, 

respectively. The fluorescence quantum yields of 2 and 3 are about 0.82 in both chloroform and DMSO. 



The absorption and emission maxima in DMSO are slightly bathochromically shifted, by about 5 nm for 

the absorption and 7 nm for the emission for both compounds. 

The molecular structures of 2 and 3 were investigated by means of X-ray crystallography. In the 

structures (Figure 2; see also Table S1 and Figure S1 in the Supporting Information), the boron atom is 

coordinated in a tetrahedral fashion by two nitrogen and two fluorine atoms. In both compounds, the 

BODIPY core is nearly planar, because the value of the dihedral angle between the two pyrrole rings is 

7.978 for 2 and 2.628 for 3. In both molecules, the meso-phenyl group is on a plane that is nearly 

orthogonal to the plane of the 12-membered cycle, with dihedral angles of —83.8(5)8 for 3 and —

82.8(2)8 for2. This conformation limits the possible resonance between the indacene core and the 

phenyl substituent, as confirmed by the length of the C—C bond that links the two moieties (1.498 (3) in 

2 and 1.492(6) Å in 3), which indicates a single-bond character. In both molecules, extended conjugation 

is provided by the two styryl substituents linked to the indacene core. These lateral chains are also 

involved in the intermolecular stabilization of 2, in which they form antiparallel arrangements involving 

p–p interactions be- tween neighboring molecules. However, no such packing inter- actions are 

observed in the crystal lattice of 3. The crystal packing of 2 and 3 is illustrated in Figure 3 and clearly 

reveals the presence of p–p stacking inter- actions in the case of 2 but not of 3. The difference between 

BODIPY 2 and 3 in their crystal packing, that is, the absence of p–p stacking interactions be- tween 

BODIPY molecules in 3, results in the latter’s intense solid-state fluorescence (Figure 4; see also Figure S2 

in the Supporting Information). Confocal microscopy of the single crystals of 3 revealed an intense red-

fluorescence signal, which was not observed for single crystals of 2. The emission maxi- mum of 

crystalline 3 is bathochromically shifted relative to that of 3 in solution and is located at 703 nm (Figure 

S2 in the Supporting Information). This finding was somehow unexpected but is in line with the general 

observation of solid-state fluorescence in BODIPY fluorophores in which p–p stacking is impaired,[14–21] 

although BODIPY 3 lacks the bulky substituents of most reported solid-state fluorescers. The 

introduction of a relatively small, linear 1-bromobutane chain is sufficient to prevent p–p stacking in 

the crystal of 3. These findings could lead to future designs of BODIPY derivatives with solid-state 

fluorescence features. 

The prepared BODIPY-functionalized carbon nano-onions CNO-3 were characterized by a multitude of 

methods. The results of the thermogravimetric analysis (TGA) of pristine CNOs and CNO-OH are 

consistent with previously reported results, with a weight loss of 10.7 % at 500 8C observed for CNO-OH 

(Table 2 and Figure 5, left).[48] The TGA of BODIPY-tagged CNO-3 revealed an additional weight loss of 9 %, 

which is indicative of the successful attachment of the BODIPY fluorophores to the CNOs. For the 



degree of functionalization of the CNOs, based on the weight loss derived from the TGA analyses and 

by following a previously reported approach,[51] we estimate that about 12 BODIPY molecules are 

attached to each individual CNO. With the high molecular volume of the BODIPY mole cule taken into 

account, we believe that this loading result is reasonable. 

The pristine CNOs and CNO-OH utilized in this study show similar Raman spectra to those already 

reported (see Figure S3 in the Supporting Information).[38] However, Raman spectroscopy of CNO-3 revealed 

clear differences to the results observed for CNO-OH. The excitation wavelength of the Raman laser 

source was 632 nm, which is close to the absorption maximum of 3, so an intense background 

fluorescence signal was observed due to the presence of the BODIPY dye (Figure 5, right). 

The fluorescence of CNO-3 was further analyzed by steady- state fluorescence spectroscopy. 

Photoexcitation of a dispersion of CNO-3 in DMSO at 615 nm revealed a BODIPY-centered emission with a 

maximum at about 660 nm. UV/Vis/NIR ab- sorption measurements showed that, next to the typical 

broad   plasmonic absorption of the CNOs, a BODIPY-centered absorp tion appears at around 650 nm 

(Figure 6, top). Due to the large CNO absorption, the fluorescence quantum yield of CNO- 3 is lower than 

the one observed for BODIPY derivative 3. This effect was previously reported for other CNO–dye 

conjugates but did not significantly alter their excellent performance in biomedical imaging.[26,45] We 

estimated the fluorescence quantum yield of CNO-3 to be about 0.5 by comparing the fluores cence 

intensities of CNO-3 and BODIPY 3 at a comparable BODIPY-centered absorption at the excitation 

wavelength (Figure 6, bottom). This value is remarkably high in comparison with the fluorescence 

quantum yields of other dyes conjugated to different carbon nanomaterials.[25 

To probe the fluorescence of the far-red/NIR BODIPY-tagged CNO-3 bulk material, laser confocal 

microscopy imaging was performed. The CNOs were dispersed in a drop of water on a polystyrene 

slide, which led to the deposition of CNO aggre gates on the polymeric surface, then the sample was 

dried. In 3D z-stacking images, the red fluorescence was observed throughout the whole sample area 

(Figure 7; see also Figure S4 in the Supporting Information for the corresponding bright- field image). 

Additional confocal microscopy images supported this conclusion (see Figure S5 in the Supporting 

Information). 

High-resolution TEM analysis of the pristine CNOs shows the quasispherical onion diameter ranges 

from 5 to 7 nm (Figure 8). The inner shell of the CNOs is close to 1 nm, which suggests that it consists of 

fewer than 100 carbon atoms.3 revealed an additional weight loss of 9 %, which is indicative of the 

successful attachment of the BODIPY fluorophores to the CNOs.  
] 



Dynamic light scattering was carried out to determine the hydrodynamic radius of the dispersed 

CNOs. Dispersions of CNO-OH and CNO-3 were prepared in a phosphate-buffered saline solution at pH 7.4 

in order to mimic biological conditions. CNO-OH revealed a size distribution with a major com ponent of 

the particle size of about 240 nm. The zeta (Z) potential of CNO-OH in a 0.01 M phosphate buffer was 

deter- mined to be —27 mV. The average Z potential of CNO-3 was found to be lower than that of CNO-

OH, with typical average values of —15 mV. This is consistent with the introduction of the hydrophobic 

BODIPY molecule onto the CNO-OH surface, which leads to a reduction of the hydroxy functionalities on 

the CNO surface. The average hydrodynamic radius of CNO-3 was found to be comparable to that of CNO-

OH. 

 

Conclusion 

We report the preparation and characterization of bright BODIPY fluorophores and their subsequent use 

for the decoration of OH-terminated CNOs, which led to far-red/NIR-fluorescent CNO nanoparticles. The 

fluorescence quantum yield of the BODIPY fluorophores was successfully increased to values as high as 

0.94 for 1 and 0.83 for the far-red/NIR-fluorescent BODIPY derivatives. This was achieved by the 

introduction of methyl groups on the meso-phenol substituent of BODIPY, which results in increased 

rigidity of the BODIPY molecular structure. Of special interest is the solid-state fluorescence observed for 

single crystals of BODIPY derivative 3. Absorption, fluorescence, and Raman spectroscopies, 

thermogravimetric analysis, and laser confocal microscopy of CNO-3 revealed the successful 

functionalization and promising properties for future applications in biological and biomedical imaging. 

The far- red/NIR-fluorescent CNOs presented in this report will be the starting materials for the 

preparation of theranostic nanomaterials that combine imaging with drug delivery and targeting. This 

work is ongoing in our laboratories. 

 

Experimental Section 

All synthetic procedures, instru mental details, and additional experimental procedures are 

summarized in the Supporting Information, along with additional figures. CCDC-1051088 (2) and 

1051089 (3) contain the supplementary crystallographic data for this paper. These data can be obtained 

free of charge from The Cambridge Crystallographic Data Centre via 

www.ccdc.cam.ac.uk/data_request/cif. 
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l 
Scheme 1. Synthesis of BODIPY derivatives 1, 2, and 3. i) 1. Dichlorome- thane/ethanol, trifluoroacetic acid, 
N2; 2. tetrachloro-1,4-benzoquinone (chloranil); 3. dichloromethane, N,N-diisopropylethylamine; 4. boron 
trifluor- ide etherate; ii) toluene, piperidine, glacial acetic acid, Mg(ClO4)2, Dean–Stark condenser; iii) acetone, 
K2CO3. 
  



 
 

Scheme 2. Functionalization of hydroxy-terminated CNO-OH with BODIPY 3.i) Acetone, K2CO3. 
 
 
  



Table 1. Photophysical data for 1, 2, and 3 in chloroform and DMSO.[a] 
 

Compound Solvent lAbs max [nm] e ×103 
[M—1 cm—1] 

FF lEm max [nm] 

1 chloroform[b] 504 80.7 0.94 517 

2 chloroform[b] 644 94.0 0.83 664 

2 DMSO[c] 648 117.8 0.82 670 

3 chloroform[c] 644 125.8 0.82 662 

3 DMSO[c] 649 130.9 0.82 669 

 
[a] lAbs  max:  absorption  maximum;  e:  molar  extinction  coefficient;  FF: fluorescence quantum yield; lEm  max:  
emission  maximum.  [b] Measured relative to meso-phenol-substituted BODIPY. Quantum yield: 0.64 in tolu- 
ene.[49] [c] Measured relative to zinc(II)tetra-tert-butylphthalocyanine. Quantum yield: 0.27 in THF.[50] 
  



Table 2. Thermal analysis data of pristine CNOs, CNO-OH, and CNO-3 derived from TGA. 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
  

Sample Weight loss at 
500 8C [%] 

Decompositio
n temperature 
[8C] 

Number of 
functional 
groups per 
CNO 

pristine CNOs 1.5 701 – 

CNO-OH 10.7 698 114 

CNO-3 19.7 691 12 



 

 
Figure 1. Absorption (solid line) and fluorescence (dotted line) spectra of 1 in chloroform (left) and 3 in DMSO 
(right). 
  



 
 

 
Figure 2. ORTEP representation of the molecular structures of 2 (left) and 3 (right). 
  



 

 
 

Figure 3. Crystal packing of 2 (top) and 3 (bottom). 
  



 
 
Figure 4. Laser confocal microscopy images of single crystals of BODIPY derivative 3. Left: bright-field 
image. Center: Fluorescence of the BODIPY dye. Right: Overlay of the bright field and fluorescence images. 
Excitation at 560 nm; detection of the fluorescence in a range of (700 35) nm. Scale bar: 100 mm. 
  



 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5. TGA (left) of pristine CNOs (black), CNO-OH (gray), and CNO-3 (dotted). Raman spectrum of CNO-
3(right). 
  



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6. Absorption (top) and fluorescence (bottom) spectra for the com- parison of BODIPY 3 (solid line) 
with CNO-3 (dotted line). Both samples ex- hibit the same BODIPY-centered absorption at the excitation 
wavelength of 615 nm. Inset top: Magnified absorption spectra for comparison 
  



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 7. 3D Laser confocal microscopy z-stacking image of CNO-3 aggregates deposited on polystyrene, 
which il- lustrates the intense red fluorescence of the BODIPY-functionalized CNOs. Excitation at 647 nm; 
detection of the fluorescence in a range of (700 35) nm. Scale as indicated 
  



 

 
 

Figure 8. Representative high-resolution TEM image of the pristine CNO starting material. 
 


	Juergen Bartelmess,[a] Michele Baldrighi,[a] Valentina Nardone,[b, c] Emilio Parisini,[b] David Buck,[d] Luis Echegoyen,[d] and Silvia Giordani*[a]
	[a] Dr. J. Bartelmess, Dr. M. Baldrighi, Prof. Dr. S. Giordani Istituto Italiano di ecnologia (IIT) Nano Carbon Materials Via Morego 30, 16163 Genova (Italy)
	[b] Dr. V. Nardone, Dr. E. Parisini Istituto Italiano di Tecnologia (IIT), Center for Nano Science and Technology Via G. Pascoli 70/3, 20133 Milano (Italy)
	[c] Dr. V. Nardone Department of Chemistry Material and Chemical Engineering Politecnico di Milano, Piazza Leonardo Da Vinci, 20133 Milano (Italy)
	[d] D. Buck, Prof. Dr. L. Echegoyen Department of Chemistry University of Texas at El Paso, 500 W. University Ave., El Paso, TX 79968 (USA)
	E-mail: silvia.giordani@iit.it
	Introduction
	Results and Discussion
	Conclusion
	Experimental Section


