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·) New soluble perylenes linked to polyhedral oligomeric silsesquioxanes cages 

·) Hybrid perylene- silsesquioxane dyes show reduced aggregation caused quenching 

·) Hybrid perylene- silsesquioxane dyes show enhanced red emission in the solid state 

·) Bulky silsesquioxanes reduce aggregation caused quenching phenomena in perylene dyes 
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Abstract.  

Solid state luminescent materials are the subject of ever growing interest both from a scientific and 

a technological point of view because high-tech applications of light emitting materials very often 

require their use in the condensed phase. Aggregation caused quenching processes however 

represent an obstacle to the development of most luminogens in the condensed phase. This is why 

particularly fascinating are those materials showing high emission intensity in the solid state. 

Aggregation caused quenching is particularly detrimental for π–extended polycyclic aromatic 
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hydrocarbons, for example perylene tetracarboxylic acid diimides which are characterized by a 

near-unity fluorescence quantum yield in solution but are far less emissive in the solid state.  

Here we report on the easy preparation and on the optical investigation of perylene tetracarboxylic 

acid diimide derivatives linked to the inorganic cage of polyhedral oligomeric silsesquioxanes. 

These new hybrid perylene diimide - polyhedral oligomeric silsesquioxane dyes show in solution 

the typical absorption and emission features of the perylene diimide fragment, with a quantum 

efficiency close to unity. Moreover, in the solid state (both as spin-coated films and powders) the 

electronic absorption spectra indicate a reduced fluorophore aggregation and significant quantum 

yield efficiencies induced by the positive effect of the polyhedral oligomeric silsesquioxane cage.  

 

Keywords:  Perylene Tetracarboxylic Acid Diimide; Polyhedral Oligomeric Silsesquioxanes; 

Photoluminescence; Aggregation Caused Quenching. 

 

1. Introduction.  

 In recent years extensive efforts have been spent on the discovery and development of 

efficient solid-state emissive organic materials to be applied in organic optoelectronic devices, such 

as organic light-emitting diodes, organic field-effect transistors, solid-state lasers and fluorescent 

sensors. However, most organic molecular chromophores are non-luminescent in the solid state, 

even if they are highly emissive in solution, due to the quenching of the emission caused by 

intermolecular interactions such as excimer formation and energy transfer in the condensed phase. 

In particular this phenomenon is quite detrimental for red-light emitting chromophores which 

usually consist of π–extended polycyclic aromatic hydrocarbons, prone to aggregation particularly 

in the condensed phase by π–π stacking [1]. Such interactions are frequently encountered in 

perylene tetracarboxylic acid diimides (PDI)-based materials and are usually associated to H-type 

excimeric dimers responsible of aggregation-caused quenching (ACQ) phenomena [2-6]. PDI, an 

important class of pigments, have been recently investigated as organic luminogens due to their 
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outstanding properties such as near-unity fluorescence quantum yields in solution, high chemical 

and photochemical stabilities, and strong electron-accepting character [3, 7]. All these properties 

qualified PDIs for a wide range of optoelectronic applications such as in organic field-effect 

transistors (OFETs) [8-15], fluorescent solar collectors [16], electrophotographic devices [17], dye 

lasers [18, 19], organic photovoltaic cells (OPVs) [14, 15, 20-24], and optical power limiters [25]. 

Moreover PDIs are excellent chromophores for relevant photophysical processes such as energy and 

electron transfer [26-32]. However PDIs are characterized by significant π–π stacking and 

consequently intrinsic low solubility. Practical applications were made possible through the 

development of soluble derivatives; one successful approach has been developed by Langhals and 

co-workers by introducing long secondary alkyl chains (“swallow tail” substituents), that offer an 

excellent compromise between preparative accessibility and increased solubility [7, 33]. Still 

fluorescence quenching is observed in these derivatives at increasing concentration or in the solid 

state, nevertheless in a few instances steric shielding of the chromophores by introduction of bulky 

substituents, such tetraphenylmethane or branched aliphatic groups, can inhibit aggregation with a 

positive effect on the fluorescence quantum yields at high concentrations or in the solid state [34, 

35]. Another strategy usually employed to increase the solubility of perylene derivatives is the 

functionalization at the aromatic core, typically at the 1,6,7,12-bay positions, by introduction of aryl 

or aryloxy groups. In these derivatives the electronic and optical properties of PDI are also strongly 

modified and many investigations have been devoted to elucidate how bay-substitutions could 

affect absorption and emission properties of PDIs, as well as their π–π aggregation. It has been 

found that the typical quenching of fluorescence emission is maintained in solution at increasing 

concentration and/or in the solid state due to the formation of aggregates [3], except for a series of 

PDI derivatives which display significant fluorescent quantum yields in the solid state, due to a 

packing based on J-type aggregates [36]. Finally, perylene derivatives substituted at the 2,5,8,11-

bay positions, some of which show an intense fluorescence in the solid state, have been recently 

synthesized [37, 38]. 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

 4 

While the effects of bulky organic substituents both at imide and bay positions on π-π stacking and 

supramolecular organization of PDIs have been intensely studied, much less work has been 

addressed towards the preparation of inorganic-organic hybrid PDI systems, which offer the 

possibility to combine the properties of the PDI dyes with those of an inorganic scaffold with the 

aim to both optimize the emission performance in the solid state and to promote processability 

thanks to increased solubility. To such purpose the introduction as substituents of sterically 

demanding inorganic scaffolds such Polyhedral Oligomeric Silsesquioxanes (POSS) is quite 

appealing. 

POSS are an interesting family of silicon-oxygen cages with the idealized empirical formula 

(RSiO1.5)n. that have attracted much attention in recent years because of their particular properties 

such as ease of synthesis and purification, chemical and thermal robust nature compared to most 

traditional organic molecules, and the facility to tailor their functionalities to particular applications 

[39-43]. It has been proven that incorporation of POSS in several organic materials may be a way to 

enhance specific properties such as thermal and thermomechanical stability, mechanical toughness, 

optical transparency, dielectric constant and solubility. Hence the large number of applications of 

POSS cages in many research fields such as aerospace [44], biomedical applications [45-47], 

protective coatings [39], microelectronics [48, 49] and catalysis [50-62].  

More recently, silsesquioxane derivatives have been incorporated in light emitting polymers [63] 

and in organic light emitting diodes (OLEDs) [64-68]. This has led to preparation of devices with 

improved performances in terms of brightness, colour stabilities, lifetimes and quantum efficiencies 

compared with the parent devices prepared without introduction of the POSS cage. In particular it 

has been reported that the presence of bulky POSS cages could minimize aggregation of 

polyfluorene derivatives, with a positive effect on their photoluminescence quantum yields [69]. 

Despite such increasing interest towards the synthesis of POSS-functionalized organic materials, to 

our knowledge there are only few reports on the preparation of organic-inorganic PDI-POSS hybrid 

nanoparticles [70-73]. 
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Here we report on the synthesis and optical characterization of new hybrid organic-inorganic 

materials based on asymmetrically substituted perylene moieties linked to POSS cages showing 

reduced emission aggregation quenching in the solid state.  

 

2. Experimental Section. 

2.1 Chemicals and instrumentation 

POSS 1 [74] and 4 [75] were prepared according to the literature. Perylene diimides 2 [76], 5 [77] 

and 7 [78] (see Figure 1) were prepared starting from perylene-3,4,9,10-tetracarboxylic dianhydride 

[79]. 

All reagents and catalysts were purchased from Sigma-Aldrich and used as received, except for 

CySi(OMe)3, purchased from Fluorochem. Toluene was distilled over Na/benzophenone, CHCl3 

and CH2Cl2 were distilled over CaH2 before use. When anhydrous conditions were required, the 

reactions were performed using Schlenk line techniques under a nitrogen atmosphere. 

All products were characterized by 1H, 13C and 29Si NMR (Bruker Avance DRX 400 spectrometer), 

mass spectroscopy (VG Autospec M246), infrared spectroscopy (Jasco FT-IR 420) and elemental 

analysis (Perkin-Elmer CHN 2400).  

Thin films were prepared by spin-coating on glass slides of a 6.6 10-3 M solution in CHCl3 of the 

desired PDI-POSS compound. 

Electronic absorption spectra were obtained using a Jasco V-530 spectrophotometer. 

Photoluminescence (PL) measurements and PL Quantum Yields (QY) for solutions were obtained 

by a Jobin-Yvon Fluorolog-3 spectrometer equipped with double monochromators and Hamamatsu-

928 photomultiplier tube (PMT) as the detector. Photoluminescence (PL) measurements on solids 

were obtained with a SPEX 270 M monochromator equipped with a N2 cooled charge-coupled 

device exciting either with a monochromated Xe lamp or an Ar+ laser. The spectra were corrected 

for the instrument response. Absolute PL QY measurements for the solid state materials were 

carried out using a home-made integrating sphere according to the procedure reported elsewhere 
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[80]. 

 

2.2 Synthesis of (c-C6H11)7Si8O12-2-Propyl-9-(1-hexyl-heptyl)-anthra[2,1,9-def;6,5,10-

d'e'f']diisoquinoline-1,3,8,10-tetraone (3) 

Perylene 2 was prepared according to the literature procedure by reaction of 2-Allyl-9-(1-hexyl-

heptyl)-anthra[2,1,9-def;6,5,10-d'e'f']diisoquinoline-1,3,8,10-tetraone (300 mg, 0,49 mmol) with 

trimethoxysilane (4mL, 0.55 mmol) in anhydrous chloroform (60mL) and in the presence of 

Karstedt catalyst [76]. Due to its sensitivity to moisture the product was no further purified by 

column chromatography and directly used for condensation reaction.   

A solution of 2 (360 mg, 0,49 mmol) dissolved in anhydrous toluene (50 mL) was added with POSS 

1 (0.476 g, 0.50 mmol) together with p-toluensulfonic acid (a few mg) and stirred at 100°C for 24h 

under N2 atmosphere. The reaction mixture was concentrated under reduced pressure and purified 

by chromatography on silica gel (CH2Cl2:hexane, 1:1) to give a red solid which was further 

crystallized from CH2Cl2/MeOH solution (193 mg, 23% yield).  

 

1H NMR (400 MHz, CDCl3, 298K): δ (ppm) 0.76 (m, 7H, Cy), 0.85 (t, J(H-H) = 7.0 Hz, 6H, 

2xCH3), 1.24-1.34 (m; 35H, Cy; 16H, 8xCH2, 4H, alkylic CH2), 1.74 (m, 35H, Cy), 1.88 (m, 2H, β-

CH2), 2.28 (m, 2H, β-CH2), 4.19-4.22 (m, 2H, CH2-N),5.19-5.24 (m, 1H, CH-N), 8.48-8.64 (m, 8H, 

aromatic CH).  

13C NMR (100 MHz, CDCl3, 298K): δ (ppm) 14.03, 22.59, 23.09, 26.63, 26.96, 27.48, 29.22, 

29.68, 31.77, 32.38, 54.81, 122.85, 123.16, 126.13, 126.26, 129.14, 129.47, 131.02, 134.13, 134.26, 

162.95. 

29Si NMR (79.5 MHz, CDCl3, 298K): δ (ppm) -67.06 (1), -68.70 (7).  

Elemental Analysis C82H118N2O16Si8: found %C .60.83; %H 7.55; %N 1.59; calculated %C 61.08; 

%H 7.38; %N 1.74. 

Mass: [M+] 1613 (FAB+). 
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Melting Point: 330°C 

FT-IR (KBr): ν(cm-1) 2923 (vs), 2848 (s), 1700 (s; C=O), 1662 (s), 1595 (s), 1579 (w), 1507 (vw), 

1447 (m), 1405 (m), 1383 (w), 1339 (s), 1274 (m), 1254 (m), 1197 (m), 1108 (vs, br; Si-O), 

1038(m) 1026 (m), 998 (m), 893 (m), 850 (m), 825 (w), 810 (m), 746 (m). 

 

2.3 Synthesis of vinylsilsesquioxane-4-[2-(1-Hexyl-heptyl)-9-(phenyl)-anthra[2,1,9-def;6,5,10-

d'e'f']diisoquinoline-1,3,8,10-tetraone] (6) 

POSS 4 (416 mg, 0.4 mmol), PDI 5 (313 mg, 0.4 mmol), and bis(tri-t-butylphosphine)-palladium(0) 

[Pd[P(tBu)3]2] were added into a 100-mL Schlenk flask under N2 atmosphere. Anhydrous toluene 

(40 mL), and dicyclohexylmethylamine (Cy2NCH3) (0.103 mL, degassed under nitrogen for 15 min 

prior to use) were added, then 3 freeze-pump-thaw cycles were performed. The reaction was stirred 

for 6 days at 80°C under N2 atmosphere. The mixture was then filtered on celite and the solution 

concentrated in vacuum. The solid was purified by column chromatography (CH2Cl2:Hexane, 1:1) 

followed by crystallization from CH2Cl2/methanol o give a red solid (677 mg, 37% yield). 

 

1H NMR (400 MHz, CDCl3, 298K): δ (ppm) 0.81 (m, 7H, Cy), 0.85 (t, J(H-H) = 6.8 Hz, 6H, 

2xCH3), 1.28-1.34 (m; 35H, Cy; 16H, 8xCH2), 1.77-1.82 (m, 35H, Cy), 1.90 (m, 2H, β-CH2), 2.23-

2.31 (m, 2H, β-CH2), 5.21 (m, 1H, CH-N), 6.27 (d, J(H-H) = 19.0 Hz, 1H, CH=CH), 7.31 (d, J(H-

H) = 19.0 Hz, 1H, CH=CH), 7.37 (d, J(H-H) = 8.4 Hz, 2H, aromatic phenyl), 7.69 (d, J(H-H) = 8.4 

Hz, 2H, aromatic phenyl), 8.67-8.77 (m, 8H, aromatic perylene).  

13C NMR (100 MHz, CDCl3, 298K): δ (ppm) 14.04, 22.58, 23.15, 26.67, 26.92, 27.50, 29.21, 

31.76, 32.38, 54.84, 120.56, 123.07, 123.27, 123.33, 126.45, 126.72, 127.76, 128.78, 129.56, 

129.87, 131.87, 134.32, 135.18, 138.40, 146.95, 163.53. 

29Si NMR (79.5 MHz, CDCl3, 298K): -68.44, -68.59, -68.64, -79.28. (3:3:1:1). 

Elemental Analysis C87H118N2O16Si8: found %C 62.53; %H 7.06; %N 1.78; calculated %C 62.48; 

%H 7.11; %N 1.67. 
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Mass: [M+] 1672 (FAB+). 

Melting Point: >350°C 

FT-IR (KBr): ν(cm-1) 2923 (vs), 2849 (s), 1713 (s; C=O), 1700 (s; C=O), 1674 (s), 1661 (s), 1595 

(s), 1579 (m), 1509 (m), 1447 (m), 1405 (m), 1383 (w), 1342 (vs), 1292 (vw), 1274 (m), 1269 (m), 

1253 (m), 1197 (s), 1108 (vs, br; Si-O), 1038(m) 1027 (m), 999 (m, sh), 966 (w), 893 (m), 850 (m), 

836 (w), 827 (w), 811 (m), 786 (w), 746 (m). 

 

3. Results and discussion 

3.1 Synthesis 

The synthesis of the PDI-POSS derivatives was accomplished according to two different 

approaches, as depicted in Scheme 1 and 2, in which the PDI dye was linked to the POSS scaffold 

either by a flexible alkylic chain or by a more rigid styryl bridge.  

In the first approach we chose as inorganic scaffold POSS 1, namely trisilanol Cy7Si7O9(OH)3 (Cy= 

c-C6H11), with three potentially reactive OH groups which is widely used to model the silanol 

groups of the silica surface [41, 56]. The presence of bulky cyclohexyl substituents at each silicon 

atom of POSS 1 should reduce π-π aggregation of the perylene moieties and impart higher 

solubility. 

POSS 1 was reacted with the trimethoxysilane perylene derivative 2, recently described in the 

literature and successfully employed for the preparation of fluorescent silica nanoparticles [76]. 

Corner capping reaction of 1 with 2 was performed in dry toluene and in the presence of para-

toluensulfonic acid as a catalyst working at 100°C. Previous attempts of condensation in CHCl3 or 

toluene at reflux but in the absence of the acid catalyst gave negative results. The reaction was 

monitored through 29Si-NMR spectroscopy, by following the disappearance of the typical three 

signals of 1 (δ = -60.1, -67.7 and -69.4 ppm in a 3:1:3 ratio) and the appearance of a new set of 

peaks at δ = -67.06 and -68.70 ppm (in a 1:7 ratio) which have been attributed to the new PDI-

POSS derivative 3; the reaction was stopped after 24h. After purification of the crude by silica gel 
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chromatography and crystallization from CH2Cl2/MeOH, 3 was obtained as a brilliant red coloured 

solid in 23% yield. The compound was characterized by NMR (1H, 13C, 29Si) spectroscopy, by mass 

spectroscopy, by infrared spectroscopy and by elemental analysis (see experimental section 2.2). 

The optical characterization was performed both in solution and in the solid state (see section 3.2). 

 

 

INSERT SCHEME 1 

 

 

In the second approach, POSS 4, namely VyCy7Si8O12 (Cy= c-C6H11; Vy = CH=CH2), which bears 

one vinyl group suitable for further functionalization, was reacted by Heck coupling with an halide-

substituted PDI. The reaction was performed in toluene at 80°C, using bis(tri-t-butyl-

phosphine)palladium(0) [Pd[P(tBu)3]2] as catalyst and dicyclohexylmethylamine as base [67, 81, 

82]. First attempts with 4-bromophenyl substituted perylene failed, only the more reactive 4-

iodophenyl derivative 5 gave the desired product 6 (Scheme 2). The formation of 6 was followed 

through 1H NMR spectroscopy by monitoring the disappearance of the vinyl signals typical of 4 and 

the appearance of new signals relative to the trans double bond of 6. After purification by silica gel 

chromatography and crystallization from CH2Cl2/MeOH, pure 6 was obtained as a brilliant red solid 

in 37% yield. The compound was characterized by NMR (1H, 13C, 29Si) spectroscopy, by mass 

spectroscopy, by infrared spectroscopy and by elemental analysis (see experimental section 2.3). 

The optical characterization was performed both in solution and in the solid state (see section 3.2). 

 

 

INSERT SCHEME 2 
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3.2 Optical Characterization 

3.2.1 Absorption and emission spectra in solution 

Absorption and emission spectra of 3 and 6 were recorded in chloroform solution and compared 

with those of  the symmetrically substituted diimide 7 (Figure 1).  

 

 

INSERT FIGURE 1 

 

 

As expected, the introduction of a POSS fragment at one imidic position, did not affect the 

electronic properties of the perylene moiety and the electronic absorption spectra of 3 and 6 in 

CHCl3 solution display the typical features of a perylene diimide (see Figure 2), with three distinct 

vibronic transitions (0,0), (0,1), (0,2) and one shoulder (0,4) [83]. Similarly, the emission spectra 

have the characteristic features of perylene diimides being mirror images of the absorption spectra 

[83]. The fluorescence quantum yields, measured in CHCl3 solution with 7 as standard [76, 84], 

were 90% and 100% for 3 and 6 respectively. 

 

 

INSERT FIGURE 2 

 

 

3.2.2 Absorption and emission spectra in the solid state 

The solid state absorption spectra of 3, 6 and 7 were recorded on both thin films (see experimental 

section 2.1) and powders. The absorption spectra of thin films, reported in Figure 3, clearly show 

that aggregation becomes predominant for all compounds, with an increase of the (0,1) vibronic 

transition compared to the (0,0) transition [83]. For the standard compound 7 an additional band at 
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about 550 nm, partially superimposed to the 530 nm (0,0) band, is also observed. This band is in 

agreement with the presence of strong intermolecular interactions in the solid phase of perylene 

based compounds [4, 5]. Interestingly, the absorption spectra of 3 and 6 do not display such a red-

shifted band, suggesting weaker aggregation with respect to 7. This hypothesis is also indirectly 

supported by the analysis of absorption spectra of powders of 3, 6 and 7 before and after grinding in 

a mortar. In Figure 4 the absorption spectra before grinding show the presence of a broad and 

poorly resolved band for all compounds. However, after grinding, powders of 3 and 6 display 

resolved and blue-shifted absorption bands, quite similar to those displayed in the corresponding 

spectra in solution. The absorption spectrum of powdered 7 was unaffected by grinding suggesting 

that this compound possessed stronger π-π intermolecular interactions.  

 

INSERT FIGURE 3 

 

INSERT FIGURE 4 

 

In addition, the PL spectra of thin films and powders of the three compounds show unstructured, 

red-shifted and broadened bands with respect to the solution, again suggesting the presence of 

intermolecular interactions (see Figure 5) [83]. 

In order to confirm the positive effect of the POSS fragment in reducing the aggregation of 3 and 6 

with respect to 7, measurements of PL quantum yields were performed on ungrinded powders of the 

three compounds (Table 1). Interestingly, while the PL QY of 7 drops from 100% to 34% by 

moving from solution to the solid state, the PL QY of 3 and 6 show a reduced quenching going 

from 90% to 70% and from 100% to 45% respectively. Such smaller decrease of the PL QY 

represents a further evidence of a lower degree of intermolecular interactions induced by linking the 

PDI moieties to POSS cages.  
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INSERT FIGURE 5 

 

INSERT TABLE 1 

 

 

4. Conclusion 

By reaction of POSS 1 (Cy7Si7O9(OH)3; Cy= c-C6H11) or 4 (VyCy7Si8O12 where Cy= c-C6H11; Vy 

= CH=CH2) with appropriately functionalized asymmetric perylene diimides we have been able to 

synthesize two new PDI-POSS hybrid derivatives, which are characterized by a high solubility in 

common organic solvents which is a necessary condition for the production of thin films by the spin 

coating technique. These new PDI-POSS materials show in solution the typical molecular 

absorption and emission spectra of the isolated perylene unit, with PL QY close to 100%. 

Interestingly, the detrimental ACQ phenomenon, frequently encountered in PDI materials, is 

significantly reduced by the presence of the bulky POSS cage allowing to get PL QY up to 70% 

from powders.  

These findings encourage further investigations on this new class of PDI-POSS hybrid materials to 

be applied in the production of efficient emissive devices. 

 

Acknowledgment 

The authors thanks the Institute of Molecular Science and Technologies of the National Research 

Council (CNR-ISTM) and the Italian Ministry of University and Research (MIUR: FIRB 2004 - 

RBPR05JH2P and PRIN 2008 - 2008FZK5AC_002) for financial support. 

 

 

 

 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

 13 

References 

 

[1] Shimizu M, Hiyama T. Organic Fluorophores Exhibiting Highly Efficient 

Photoluminescence in the Solid State. Chem Asian J 2010;5(7):1516-31. 

[2] Burgdorff C, Loehmannsroeben HG, Reisfeld R. A perylene dye in sol-gel matrixes: 

photophysical properties of N,N'-bis(2,5-di-tert-butylphenyl)-3,4:9,10-

perylenebis(dicarboximide) in glasses and thin films. Chem Phys Lett 1992;197(4-5):358-

63. 

[3] Huang C, Barlow S, Marder SR. Perylene-3,4,9,10-tetracarboxylic Acid Diimides: 

Synthesis, Physical Properties, and Use in Organic Electronics. J Org Chem 

2011;76(8):2386-407. 

[4] Mizuguchi J. Electronic characterization of N,N'-bis(2-phenylethyl)perylene-3,4:9, 10-

bis(dicarboximide) and its application to optical disks. J Appl Phys 1998;84(8):4479-86. 

[5] Mizuguchi J, Tojo K. Electronic structure of perylene pigments as viewed from the crystal 

structure and excitonic interactions. J Phys Chem B 2002;106(4):767-72. 

[6] Yagai S, Seki T, Karatsu T, Kitamura A, Würthner F. Transformation from H- to J-

aggregated perylene bisimide dyes by complexation with cyanurates. Angew Chem, Int Ed 

2008;47(18):3367-71. 

[7] Langhals H. Control of the interactions in multichromophores: Novel concepts. Perylene 

bis-imides as components for larger functional units. Helv Chim Acta 2005;88(6):1309-43. 

[8] Ahrens MJ, Fuller MJ, Wasielewski MR. Cyanated perylene-3,4-dicarboximides and 

perylene-3,4:9,10-bis(dicarboximide): facile chromophoric oxidants for organic photonics 

and electronics. Chem Mater 2003;15(14):2684-6. 

[9] Chen HZ, Ling MM, Mo X, Shi MM, Wang M, Bao Z. Air Stable n-Channel Organic 

Semiconductors for Thin Film Transistors Based on Fluorinated Derivatives of Perylene 

Diimides. Chem Mater 2007;19(4):816-24. 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

 14 

[10] Jiménez AJ, Spänig F, Rodríguez-Morgade MS, Ohkubo K, Fukuzumi S, Guldi DM, et al. A 

Tightly Coupled Bis(zinc(II) phthalocyanine)-Perylenediimide Ensemble To Yield Long-

Lived Radical Ion Pair States. Org Lett 2007;9(13):2481-4. 

[11] Jones BA, Ahrens MJ, Yoon M-H, Facchetti A, Marks TJ, Wasielewski MR. Electron 

transport: High-mobility air-stable n-type semiconductors with processing versatility: 

dicyanoperylene-3,4:9,10-bis(dicarboximides). Angew Chem Int Ed 2004;43(46):6363-6. 

[12] Jung BJ, Tremblay NJ, Yeh M-L, Katz HE. Molecular Design and Synthetic Approaches to 

Electron-Transporting Organic Transistor Semiconductors. Chem Mater 2011;23(3):568-82. 

[13] Lindner SM, Kaufmann N, Thelakkat M. Nanostructured semiconductor block copolymers: 

Ï€-Ï€ Stacking, optical and electrochemical properties. Org Electron 2007;8(1):69-75. 

[14] Zhan X, Facchetti A, Barlow S, Marks TJ, Ratner MA, Wasielewski MR, et al. Rylene and 

Related Diimides for Organic Electronics. Adv Mater 2011;23(2):268-84. 

[15] Zhan X, Tan Za, Domercq B, An Z, Zhang X, Barlow S, et al. A High-Mobility Electron-

Transport Polymer with Broad Absorption and Its Use in Field-Effect Transistors and All-

Polymer Solar Cells. J Am Chem Soc 2007;129(23):7246-7. 

[16] Gvishi R, Reisfeld R, Burshtein Z. Spectroscopy and laser action of the "red perylimide 

dye" in various solvents. Chem Phys Lett 1993;213(3-4):338-44. 

[17] Law KY. Organic photoconductive materials: recent trends and developments. Chem Rev 

1993;93(1):449-86. 

[18] Ford WE, Kamat PV. Photochemistry of 3,4,9,10-perylenetetracarboxylic dianhydride dyes. 

3. Singlet and triplet excited-state properties of the bis(2,5-di-tert-butylphenyl)imide 

derivative. J Phys Chem 1987;91(25):6373-80. 

[19] Sadrai M, Bird GR. A new laser dye with potential for high stability and a broad band of 

lasing action: perylene-3,4,9,10-tetracarboxylic acid-bis-N,N'-(2',6'-xylidyl)diimide. Opt 

Commun 1984;51(1):62-4. 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

 15 

[20] Li C, Wonneberger H. Perylene Imides for Organic Photovoltaics: Yesterday, Today, and 

Tomorrow. Adv Mater 2012;24(5):613-36. 

[21] Anthony JE. Small-Molecule, Nonfullerene Acceptors for Polymer Bulk Heterojunction 

Organic Photovoltaics. Chem Mater 2011;23(3):583-90. 

[22] Avlasevich Y, Li C, Muellen K. Synthesis and applications of core-enlarged perylene dyes. 

J Mater Chem 2010;20(19):3814-26. 

[23] Schmidt-Mende L, Fechtenkötter A, Müllen K, Moons E, Friend RH, MacKenzie JD. Self-

organized discotic liquid crystals for high-efficiency organic photovoltaics. Science 

2001;293(5532):1119-22. 

[24] Tan Za, Zhou E, Zhan X, Wang X, Li Y, Barlow S, et al. Efficient all-polymer solar cells 

based on blend of tris(thienylenevinylene)-substituted polythiophene and poly[perylene 

diimide-alt-bis(dithienothiophene)]. Appl Phys Lett 2008;93(7):073309/1-/3. 

[25] Belfield KD, Bondar MV, Hernandez FE, Przhonska OV. Photophysical Characterization, 

Two-Photon Absorption and Optical Power Limiting of Two Fluorenylperylene Diimides. J 

Phys Chem C 2008;112(14):5618-22. 

[26] An Z, Odom SA, Kelley RF, Huang C, Zhang X, Barlow S, et al. Synthesis and 

Photophysical Properties of Donor- and Acceptor-Substituted 1,7-Bis(arylalkynyl)perylene-

3,4:9,10-bis(dicarboximide)s. J Phys Chem A 2009;113(19):5585-93. 

[27] Fukuzumi S, Ohkubo K, Ortiz J, Gutierrez AM, Fernandez-Lazaro F, Sastre-Santos A. 

Formation of a long-lived charge-separated state of a zinc phthalocyanine-perylenediimide 

dyad by complexation with magnesium ion. Chem Commun 2005(30):3814-6. 

[28] O'Neil M P, Niemczyk MP, Svec WA, Gosztola D, Gaines GL, Wasielewski MR. 

Picosecond optical switching based on biphotonic excitation of an electron donor-acceptor-

donor molecule. Science 1992;257(5066):63-5. 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

 16 

[29] Prathapan S, Yang SI, Seth J, Miller MA, Bocian DF, Holten D, et al. Synthesis and 

Excited-State Photodynamics of Perylene-Porphyrin Dyads. 1. Parallel Energy and Charge 

Transfer via a Diphenylethyne Linker. J Phys Chem B 2001;105(34):8237-48. 

[30] Serin JM, Brousmiche DW, Fréchet JMJ. Cascade energy transfer in a conformationally 

mobile multichromophoric dendrimer. Chem Commun 2002(22):2605-7. 

[31] Shoaee S, An Z, Zhang X, Barlow S, Marder SR, Duffy W, et al. Charge photogeneration in 

polythiophene-perylene diimide blend films. Chem Commun 2009(36):5445-7. 

[32] Würthner F. Perylene bisimide dyes as versatile building blocks for functional 

supramolecular architectures. Chem Commun 2004(14):1564-79. 

[33] Langhals H. Cyclic carboxylic imide structures as structure elements of high stability. Novel 

developments in perylene dye chemistry. Heterocycles 1995;40(1):477-500. 

[34] Langhals H, Ismael R, Yuruk O. Persistent fluorescence of perylene dyes by steric inhibition 

of aggregation. Tetrahedron 2000;56(30):5435-41. 

[35] Langhals H, Krotz O, Polborn K, Mayer P. A novel fluorescent dye with strong, anisotropic 

solid-state fluorescence, small Stokes shift, and high photostability. Angew Chem Int Ed 

2005;44(16):2427-8. 

[36] Würthner F, Kaiser TE, Saha-Möller CR. J-aggregates: from serendipitous discovery to 

supramolecular engineering of functional dye materials. Angew Chem Int Ed Engl 

2011;50(15):3376-410. 

[37] Nakazono S, Easwaramoorthi S, Kim D, Shinokubo H, Osuka A. Synthesis of arylated 

perylene bisimides through C-H bond cleavage under ruthenium catalysis. Org Lett 

2009;11(23):5426-9. 

[38] Nakazono S, Imazaki Y, Yoo H, Yang J, Sasamori T, Tokitoh N, et al. Regioselective Ru-

Catalyzed Direct 2,5,8,11-Alkylation of Perylene Bisimides. Chem Eur J 2009;15(31):7530-

3, S/1-S/25. 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

 17 

[39] Baney RH, Itoh M, Sakakibara A, Suzuki T. Silsesquioxanes. Chem Rev 1995;95(5):1409-

30. 

[40] Cordes DB, Lickiss PD, Rataboul F. Recent developments in the chemistry of cubic 

polyhedral oligosilsesquioxanes. Chem Rev 2010;110(4):2081-173. 

[41] Feher FJ, Budzichowski TA. Silasesquioxanes as ligands in inorganic and organometallic 

chemistry. Polyhedron 1995;14(22):3239-53. 

[42] Harrison PG. Silicate cages: precursors to new materials. J Organomet Chem 

1997;542(2):141. 

[43] Laine RM, Roll MF. Polyhedral Phenylsilsesquioxanes. Macromolecules 2011;44(5):1073-

109. 

[44] Phillips SH, Haddad TS, Tomczak SJ. Developments in nanoscience: polyhedral oligomeric 

silsesquioxane (POSS)-polymers. Curr Opin Solid State Mater Sci 2004;8(1):21-9. 

[45] Fong H, Dickens SH, Flaim GM. Evaluation of dental restorative composites containing 

polyhedral oligomeric silsesquioxane methacrylate. Dent Mater 2005;21(6):520-9. 

[46] Gao F, Tong Y, Schricker SR, Culbertson BM. Evaluation of neat resins based on 

methacrylates modified with methacryl-POSS, as potential organic-inorganic hybrids for 

formulating dental restoratives. Polym Adv Technol 2001;12(6):355-60. 

[47] Kannan RY, Salacinski HJ, Butler PE, Seifalian AM. Polyhedral Oligomeric Silsesquioxane 

Nanocomposites: The Next Generation Material for Biomedical Applications. Acc Chem 

Res 2005;38(11):879-84. 

[48] Leu C-M, Chang Y-T, Wei K-H. Polyimide-Side-Chain Tethered Polyhedral Oligomeric 

Silsesquioxane Nanocomposites for Low-Dielectric Film Applications. Chem Mater 

2003;15(19):3721-7. 

[49] Tegou E, Bellas V, Gogolides E, Argitis P, Eon D, Cartry G, et al. Polyhedral Oligomeric 

Silsesquioxane (POSS) Based Resists: Material Design Challenges and Lithographic 

Evaluation at 157 nm. Chem Mater 2004;16(13):2567-77. 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

 18 

[50] Abbenhuis HCL. Advances in homogeneous and heterogeneous catalysis with metal-

containing silsesquioxanes. Chem Eur J 2000;6(1):25-32. 

[51] Carniato F, Bisio C, Boccaleri E, Guidotti M, Gavrilova E, Marchese L. 

Titanosilsesquioxane anchored on mesoporous silicas: a novel approach for the preparation 

of heterogeneous catalysts for selective oxidations. Chem Eur J 2008;14(27):8098-101. 

[52] Duchateau R. Incompletely Condensed Silsesquioxanes: Versatile Tools in Developing 

Silica-Supported Olefin Polymerization Catalysts. Chem Rev 2002;102(10):3525-42. 

[53] Duchateau R, Abbenhuis HCL, van Santen RA, Meetsma A, Thiele SKH, van Tol MFH. 

Ethylene Polymerization with Dimeric Zirconium and Hafnium Silsesquioxane Complexes. 

Organometallics 1998;17(26):5663-73. 

[54] Feher FJ, Blanski RL. Olefin polymerization by vanadium-containing silsesquioxanes: 

synthesis of a dialkyl-oxo-vanadium(V) complex that initiates ethylene polymerization. J 

Am Chem Soc 1992;114(14):5886-7. 

[55] Feher FJ, Budzichowski TA, Blanski RL, Weller KJ, Ziller JW. Facile syntheses of new 

incompletely condensed polyhedral oligosilsesquioxanes: [(c-C5H9)7Si7O9(OH)3], [(c-

C7H13)7Si7O9(OH)3], and [(c-C7H13)6Si6O7(OH)4]. Organometallics 1991;10(7):2526-8. 

[56] Feher FJ, Newman DA, Walzer JF. Silsesquioxanes as models for silica surfaces. J Am 

Chem Soc 1989;111(5):1741-8. 

[57] Feher FJ, Soulivong D, Eklund AG, Wyndham KD. Cross-metathesis of alkenes with vinyl-

substituted silsesquioxanes and spherosilicates: a new method for synthesizing highly-

functionalized Si/O frameworks. Chem Commun 1997(13):1185-6. 

[58] Hanssen RWJM, van Santen RA, Abbenhuis HCL. The dynamic status quo of polyhedral 

silsesquioxane coordination chemistry. Eur J Inorg Chem 2004(4):675-83. 

[59] Pescarmona PP, Van der Waal JC, Maxwell IE, Maschmeyer T. A new, efficient route to 

titanium-silsesquioxane epoxidation catalysts developed by using high-speed 

experimentation techniques. Angew Chem Int Ed 2001;40(4):740-3. 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

 19 

[60] Quadrelli EA. Molecular insight for silica-supported organometallic chemistry through 

transition metal silsesquioxanes. In: Basset J-M, Psaro R, Roberto D, Ugo R, editors. 

Modern Surface Organometallic Chemistry, Weinheim, Germany: Wiley-VCH; 2009, p. 

557-98. 

[61] Severn JR, Duchateau R, van Santen RA, Ellis DD, Spek AL. Homogeneous Models for 

Chemically Tethered Silica-Supported Olefin Polymerization Catalysts. Organometallics 

2002;21(1):4-6. 

[62] Ward AJ, Masters AF, Maschmeyer T. Transition metal single site catalysts - from 

homogeneous to immobilized systems. In: Basset J-M, Psaro R, Roberto D, Ugo R, editors. 

Modern Surface Organometallic Chemistry, Weinheim, Germany: Wiley-VCH; 2009, p. 

167-237. 

[63] Xiao S, Nguyen M, Gong X, Cao Y, Wu H, Moses D, et al. Stabilization of semiconducting 

polymers with silsesquioxane. Adv Funct Mater 2003;13(1):25-9. 

[64] Chan KL, Sonar P, Sellinger A. Cubic silsesquioxanes for use in solution processable 

organic light emitting diodes (OLED). J Mater Chem 2009;19(48):9103-20. 

[65] Froehlich JD, Young R, Nakamura T, Ohmori Y, Li S, Mochizuki A, et al. Synthesis of 

Multi-Functional POSS Emitters for OLED Applications. Chem Mater 2007;19(20):4991-7. 

[66] Laine RM, Sulaiman S, Brick C, Roll M, Tamaki R, Asuncion MZ, et al. Synthesis and 

Photophysical Properties of Stilbeneoctasilsesquioxanes. Emission Behavior Coupled with 

Theoretical Modeling Studies Suggest a 3-D Excited State Involving the Silica Core. J Am 

Chem Soc 2010;132(11):3708-22. 

[67] Lo MY, Zhen C, Lauters M, Jabbour GE, Sellinger A. Organic-Inorganic Hybrids Based on 

Pyrene Functionalized Octavinylsilsesquioxane Cores for Application in OLEDs. J Am 

Chem Soc 2007;129(18):5808-9. 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

 20 

[68] Yang X, Froehlich JD, Chae HS, Li S, Mochizuki A, Jabbour GE. Efficient Light-Emitting 

Devices Based on Phosphorescent Polyhedral Oligomeric Silsesquioxane Materials. Adv 

Funct Mater 2009;19(16):2623-9. 

[69] Chou C-H, Hsu S-L, Dinakaran K, Chiu M-Y, Wei K-H. Synthesis and characterization of 

luminescent polyfluorenes incorporating side-chain-tethered polyhedral oligomeric 

silsesquioxane units. Macromolecules 2005;38(3):745-51. 

[70] Clarke D, Mathew S, Matisons J, Simon G, Skelton BW. Synthesis and characterization of a 

range of POSS imides. Dyes Pigm 2011;92(1):659-67. 

[71] Du F, Tian J, Wang H, Liu B, Jin B, Bai R. Synthesis and Luminescence of POSS-

Containing Perylene Bisimide-Bridged Amphiphilic Polymers. Macromolecules 

2012;45(7):3086-93. 

[72] Ren X, Sun B, Tsai C-C, Tu Y, Leng S, Li K, et al. Synthesis, self-assembly, and crystal 

structure of a shape-persistent polyhedral-oligosilsesquioxane-nanoparticle-tethered 

perylene diimide. J Phys Chem B 2010;114(14):4802-10. 

[73] Jeganathan SG, Bramer D, Kote R, Maladkar GJ. Ciba Specialty Chemicals Corp., USA. 

Novel polyhedral oligomeric silsesquioxane based fluorescent colorants; 2008. U.S. Patent 

2008/0029739. 

[74] Feher FJ, Terroba R, Ziller JW. A new route to incompletely-condensed silsesquioxanes: 

base-mediated cleavage of polyhedral oligosilsesquioxanes. Chem Commun 1999(22):2309-

10. 

[75] Shockey EG, Bolf AG, Jones PF, Schwab JJ, Chaffee KP, Haddad TS, et al. Functionalized 

polyhedral oligosilsesquioxane (POSS) macromers: new graftable POSS hydride, POSS Î±-

olefin, POSS epoxy, and POSS chlorosilane macromers and POSS-siloxane triblocks. Appl 

Organomet Chem 1999;13(4):311-27. 

[76] Langhals H, Esterbauer AJ. Fluorescent silica nanoparticles by silylation. Chem Eur J 

2009;15(19):4793-6. 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

 21 

[77] Langhals H, Esterbauer AJ, Walter A, Riedle E, Pugliesi I. Foerster Resonant Energy 

Transfer in Orthogonally Arranged Chromophores. J Am Chem Soc 2010;132(47):16777-

82. 

[78] Demmig S, Langhals H. Very soluble and photostable perylene fluorescent dyes. Chem Ber 

1988;121(2):225-30. 

[79] Soh N, Ariyoshi T, Fukaminato T, Nakajima H, Nakano K, Imato T. Swallow-tailed 

perylene derivative: a new tool for fluorescent imaging of lipid hydroperoxides. Org Biomol 

Chem 2007;5(23):3762-8. 

[80] Moreau J, Giovanella U, Bombenger J-P, Porzio W, Vohra V, Spadacini L, et al. Highly 

emissive nanostructured thin films of organic host-guests for energy conversion. Chem Phys 

Chem 2009;10(4):647-53. 

[81] Fu GC. The development of versatile methods for palladium-catalyzed coupling reactions of 

aryl electrophiles through the use of P(t-Bu)3 and PCy3 as ligands. Acc Chem Res 

2008;41(11):1555-64. 

[82] Littke AF, Fu GC. A Versatile Catalyst for Heck Reactions of Aryl Chlorides and Aryl 

Bromides under Mild Conditions. J Am Chem Soc 2001;123(29):6989-7000. 

[83] Mohamad DK, Fischereder A, Yi H-N, Cadby AJ, Lidzey DG, Iraqi A. A novel 2,7-linked 

carbazole based "double cable" polymer with pendant perylene diimide functional groups: 

Preparation, spectroscopy and photovoltaic properties. J Mater Chem 2011;21(3):851-62. 

[84] Langhals H, Karolin J, Johansson LBÅ. Spectroscopic properties of new and convenient 

standards for measuring fluorescence quantum yields. J Chem Soc, Faraday Trans 

1998;94(19):2919-22. 

 

 

 

 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

 22 

Figure Captions 

 

Scheme 1: Synthesis of 3  

 

Scheme 2: Synthesis of 6  

 

Figure 1: Perylene diimide 7 

 

Figure 2: Normalized absorption (solid line) and emission (dashed line) spectra in CHCl3 solution 

of 3 (blue), 6 (green) and 7 (red). 

 

Figure 3: Normalized absorption spectra of thin films of 3 (blue), 6 (green) and 7 (red). 

 

Figure 4: Normalized absorption spectra of powders of 3 (blue), 6 (green) and 7 (red) before 

grinding (dotted line) and after grinding (solid line). The absorption spectrum of 6 in solution 

(dashed line) is reported for comparison. The spectra are shifted vertically for clarity.  

 

Figure 5: Normalized emission spectra of powders of 3 (blue), 6 (green) and 7 (red). 

 

Table 1: Photoluminescence quantum yield (PL QY) of 3, 6 and 7 measured as powder, and in 

CHCl3 solution  
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Table 1: Photoluminescence quantum yield (PL QY) of 3, 6 and 7 measured as powder, and in 

CHCl3 solution  

 

Compound solution solid 

 λmax [nm](a) 
λem [nm] 

Φf 
(b) λem [nm] Φf 

(c) 

3 525 533 90 656 70 

6 527 535 100 668 45 

7 526 533 100 669 34 
aThe longest absorption maxima; bλexc = 488 nm; c λexc = 457 nm;   
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