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A highly soluble perylenediimide (PDI) dye with unusual polyhedral oligomeric silsesquioxane

(POSS) molecules was synthesized by the reaction of an aminopropylisobutyl POSS (POSS-NH2)

and 3,4,9,10-perylenetetracarboxylic dianhydride in the presence of Zn(OAc)2. This material

exhibits good thermal stability and high fluorescence quantum yield (FF = 1.0). Its fluorescence

time profile displays biexponential decay, with fluorescence lifetimes of 9.27 � 0.26 ns (79.7%)

and 2.55 � 0.03 ns (20.3%). Molecular modelling results show that the lengths of the molecular

long-axis and short-axis are about 3.5 and 2.2 nm, respectively. The values of the HOMO,

LUMO, ionization potential and electron affinity estimated from the electrochemical data are

�6.05, �3.75, 6.45 and 4.16 eV, respectively.

Introduction

Like the widely studied fullerenes and their organic/polymeric

derivatives, perylene-3,4,9,10-bis(dicarboximides) are a

subject of extensive academic and commercial interest as the

active materials in organic/polymeric light-emitting diodes,

organic-effect transistors, solar cells and molecular memory

devices1–12 due to their outstanding optical and electronic

properties, structural flexibility, larger exciton diffusion

lengths (30 � 3 Å),13 electron affinities (3.85 eV)13 and molar

absorption coefficients (58 000 M�1 cm�1 at 490 nm14).

A thermally evaporated thin film of N,N0-ditridecyl-3,4,9,10-

perylenetetracarboxylic diimide15 annealed at 140 1C exhibits

a high field-effect electron mobility of 2.1 cm2 V�1 s�1.

Basically, there are two ways to functionalize perylene-

diimides: one is incorporation of electron-donating or electron-

withdrawing functional groups onto the perylene core,16–20 the

other is substitution at the N-atoms of the imide groups.21–23

In the former case, the perylene core is found to be highly

twisted because of electrostatic repulsion and steric encum-

brance among the substituents.16–20 Distortion of the

conjugation and coplanarity of the perylene, and the increase

of the intermolecular distance in perylene-based opto-

electronic systems would hinder both intra- and inter-

molecular charge transfer processes, leading to a lower device

performance. In a dispersed heterojunction solar cell device,

both photocurrent generation and charge transport are

functions of morphology, which is one of the most important

issues affecting device performance. Although functionaliza-

tion at the N-atoms of imide groups is a good synthetic

method for keeping the planar structure of the perylene

core unchanged, most of the materials synthesized by this

approach have a relatively low solubility in common

organic solvents, giving rise to great technical difficulty in

the fabrication of large-area thin film devices by spin- or

blade-coating solutions in organic solvents. In this case,

these materials are usually thermally evaporated onto the

substrates under high vacuum. There has thus been a

continued pronounced interest in developing reliable and

low-cost synthetic methods for preparing highly soluble planar

perylenediimides.

A typical polyhedral oligomeric silsesquioxane (POSS)

molecule,24,25 represented by the formula (R8Si8O12), consists

of a rigid and cubic silica core with a 0.53 nm side length

surrounded by eight organic corner groups, which endow the

POSS molecule with higher reactivity and solubility in organic

solvents. POSS molecules have been extensively incorporated

into polymer matrixes to prepare soluble POSS-based

hybrid materials, designed for optoelectronics and photonics

applications, by chemical reactions or physical blending.26–32

Here, we have designed and synthesized a highly soluble POSS

end-capped perylenediimide (PDI) derivative (abbreviated as

POSS-PDI-POSS), in which the bulky POSS molecules are

chemically introduced to the N-atoms of the imide groups, as

shown in Scheme 1.

Scheme 1 Synthesis of POSS-PDI-POSS.
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Results and discussion

Substitution of the POSS molecules at the N-atoms of PDI can

considerably improve the solubility and processibility of the

parent material, and keep the planar structure of perylene core

unchanged. After functionalization with POSS, the resultant

material POSS-PDI-POSS exhibited high solubility in

common organic solvents. However, it should be noted that

the introduction of bulky end-capped substituents may limit

the p–p stacking between pairs of perylenediimide units and

consequently decrease the charge carrier mobility. The POSS

used in this study has a flat profile of low absorbance over the

ultraviolet–visible region, leading to its clear appearance.

As expected, the UV/vis absorption spectrum (Fig. 1) of

POSS-PDI-POSS in CHCl3 exhibited a pattern typical of

planar PDIs; four absorption peaks were located at 429, 458,

488 and 525 nm. The maxima bands at 525 and 488 nm

correspond to the electronic S0–S1 and S0–S2 transitions,33

respectively. For the PDI without substituents in the aromatic

core, the maximum absorption wavelength was 526 nm.34 This

value is in good agreement with that which we observed in

the UV/vis absorption spectrum of POSS-PDI-POSS in

chloroform.

The fluorescence spectrum of POSS-PDI-POSS (Fig. 1)

shows the mirror image of the corresponding UV/vis

absorption bands, with a small Stokes shift (460 cm�1), which

indicates that the structural change between the ground state

and the excited singlet state is small. Using rhodamine B35,36 as

a reference, which exhibited 0.9 of the fluorescence quantum

yield (FF) in ethanol upon 400 nm excitation, the FF value of

POSS-PDI-POSS measured in benzonitrile was about 1.0. The

fluorescence time profile of the latter displayed biexponential

decays, giving two fluorescence lifetimes of 9.27 � 0.26 ns

(79.7%) and 2.55 � 0.03 ns (20.3%). Basically, for most

perylene dyes with high fluorescence yields, their fluorescence

time profiles have single exponential decays with lifetimes of

about 4 ns, which seems to be in some disagreement with our

observation. Is this material a mixture of mono- and

bi-substituted compounds? To answer this question, we

characterized its molecular structure by elemental analysis

(EA) and NMR spectroscopy (including 1H NMR, 13C

NMR and 29Si NMR). As expected, the EA results were

greatly consistent with the calculated values. The NMR results

(Fig. 2) also supported the molecular structure of POSS-PDI-

POSS. These findings implied that the obtained compound

was indeed bi-substituted. Furthermore, we found that the

photoluminescence peaks, as shown in Fig. 3, were gradually

shifted to the red with increasing concentration due to

re-absorption. This result is very common for perylene dyes

because of their large oscillator strengths and their spectral

overlaps between absorption and fluorescence bands. These

findings suggested that re-absorption and re-emission could

cause the dual-exponential effect, as we observed.

As shown in Fig. 4, the starting material 3,4,9,10-perylene-

tetracarboxylic dianhydride exhibited a very high thermal

stability; its onset temperature for thermal bond cleavage

was about 560 1C. Before 550 1C, POSS has completely

decomposed; the residue was less than 2% at this temperature.

POSS-PDI-POSS displayed two weight loss plateaus. At lower

temperature, a weight loss of 5%, which can be assigned to the

partial decomposition of alkyl chains in the molecular

Fig. 1 UV/vis absorption spectrum (green line) and photolumines-

cence spectrum (red line, lex = 488 nm) of POSS-PDI-POSS in CHCl3
(1.0 � 10�5 M). Fig. 2 NMR spectra of POSS-PDI-POSS in CDCl3.
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structure of POSS, was observed. From the second weight loss

plateau, the onset temperature was about 483 1C, leaving a

residue of 32% at 600 1C. These results show that the resultant

compound has a comparably good thermal stability.

Molecular modelling results showed that the lengths of the

molecular long-axis and short-axis were about 3.5 and 2.2 nm,

respectively. An AFM image of the monolayer Langmuir–

Blodgett film of POSS-PDI-POSS (Fig. 5) exhibits an ordered

arrangement, in which most of the long stripe-like species are

on a micrometer scale in length and about 200 nm in width.

The mean height of these species, except for a few larger

aggregates, was about 3.2 nm, shorter than the length of the

molecule’s two-fold short-axes. These results suggest that in

the Langmuir–Blodgett film, the molecules are predominantly

oriented parallel to the molecular long-axes. The molecular

planes are tilted with respect to the axis perpendicular to the

mica surface by an angle of 241.

Electrochemical measurements were carried out by cyclic

voltammetry at a glassy carbon electrode in de-aerated

CH2Cl2 containing 0.1 M Bu4NClO4 at room temperature

(Fig. 6). The potentials were measured against a Ag/AgCl

reference electrode. The redox values were found to be +1.65

and �0.64 V vs. Ag/AgCl, corresponding to the first oxidation

and reduction potentials of POSS-PDI-POSS, respectively.
Based on these data, the HOMO/LUMO could be calculated

as �6.05 and �3.75 eV, respectively. The values of the

ionization potential (IP) and electron affinity (EA)37 were

estimated as 6.45 and 4.16 eV, respectively. The HOMO–

LUMO gap calculated by the electrochemical measurements

was 2.30 eV, which is in good agreement with that estimated

by the UV-Vis absorption onset data obtained in dilute

solution (Eg
opt = 1243.37/lonset = 1243.37/540 = 2.30 eV).

Conclusions

An aminopropylisobutyl polyhedral oligomeric silsesquioxane

(POSS-NH2) was directly reacted with 3,4,9,10-perylene-

tetracarboxylic dianhydride to give a new highly soluble

functional material, POSS-PDI-POSS. Molecular modelling

results showed that the lengths of the molecular long-axis and

short-axis were about 3.5 and 2.2 nm, respectively. This

material showed a very high fluorescence quantum yield

(FF = 1.0). Its fluorescence time profile exhibited biexpo-

nential decay, with lifetimes of 9.27 � 0.26 ns (79.7%) and

Fig. 3 Concentration dependence of the fluorescence spectra of

POSS-PDI-POSS in CHCl3.

Fig. 4 TGA curves of the samples in flowing N2 (100 mL min�1).

Fig. 5 (a) Surface patterns formed by POSS-PDI-POSS on the mica

substrate. The 10 � 10 mm2 AFM tapping mode amplitude image

shows the structure of individual threads. (b) Molecular modelling

configurations.

Fig. 6 Cyclic voltammogram of POSS-PDI-POSS in de-aerated

CH2Cl2 containing Bu4NClO4 (0.1 M). Sweep rate: 20 mV s�1.
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2.55 � 0.03 ns (20.3%). The HOMO and LUMO values, and

the HOMO–LUMO gap, experimentally estimated by the

onset of the redox potentials, were �6.05, �3.75 and 2.30 eV,

respectively. It should be noted that the introduction of bulky

end-capped substituents (i.e., POSS) may limit p–p stacking

between pairs of perylenediimide units and consequently

decrease the charge carrier mobility. Therefore, some informa-

tion about the distance between pairs of perylenediimide cores

would be of particular interest. Further studies on these issues

are currently in progress.

Experimental section

Materials and instruments

All chemicals were purchased from Aldrich and used without

further purification. Organic solvents used in this study were

purified, dried and distilled under dry nitrogen. An aminoiso-

butyl POSS (POSS-NH2) was purchased from the Hybrid

Plastics Company. The synthesis operations prior to the

termination reaction were carried out under purified argon.

The UV/vis spectral measurements were carried out using a

Shimadzu UV-2450 spectrophotometer. The thermal proper-

ties of the samples were measured using a Perkin-Elmer Pyris 1

thermogravimetric analyzer in flowing (100 mL min�1) N2.

Steady-state fluorescence spectra were measured on a Shimadzu

RF-5300 PC spectrofluorophotometer equipped with a photo-

multiplier tube with a high sensitivity in the 700–800 nm

region. Samples for the fluorescence measurements were

dissolved in dry chloroform, filtered, transferred to a long

quartz cell, and then capped and bubbled with highly pure

argon (without O2 or moisture) for at least 15 min before

measurement. NMR spectra were recorded on a Jeol Lambda

400 (CDCl3 as solvent) instrument.

AFM topography images of monolayer Langmuir–Blodgett

films on mica were obtained in constant repulsive force mode

by an AFM (AJ-III, Aijian nanotechnology Inc., China) with

a triangular micro-fabricated cantilever (Mikro Masch Co.,

Russia) with a length of 100 mm, a Si pyramidal tip and a

spring constant of 48 N m�1. A resonance frequency in the

range 100–190 kHz was used, and resonance peaks in the

frequency response of the cantilever, typically at 330 kHz,

were chosen for the tapping mode oscillation. The AFM

images were obtained with a scan range of 5 � 5 mm2, and

scanning frequencies were usually in the range 0.6–2.0 Hz per

line. The measurements were carried out under ambient

laboratory conditions. AFM images were obtained from at

least five macroscopically-separated areas on each sample. At

least two individual samples were prepared and imaged under

the same conditions.

Cyclic voltammetry was performed on an ALS630B

electrochemical analyzer in de-aerated CH2CH2 containing

recrystallized Bu4NClO4 (0.1 M) as a supporting electrolyte

at 298 K. A conventional three-electrode cell was used with a

platinum working electrode (surface area of 0.3 mm2) and a

platinum wire as the counter-electrode. The Pt working

electrode was routinely polished with BAS polishing alumina

suspension and rinsed with acetone before use. The measured

potentials were recorded with respect to the Ag/AgCl (0.01 M)

reference electrode. All electrochemical measurements were

carried out under an atmospheric pressure of argon.

Theoretical calculations

Geometry optimisations were carried out using the B3LYP

functional and 6-31G basis set with the unrestricted Hartree–

Fock (UHF) formalism, as implemented in the Gaussian 03

program, revision C.02. Graphical outputs of the computa-

tional results were generated using the Gauss View software

program (version 3.09) developed by Semichem, Inc.

Synthesis of POSS-PDI-POSS

A mixture of 3,4,9,10-perylenetetracarboxylic dianhydride

(90 mg, 0.23 mmol), aminopropylisobutyl-POSS (POSS-NH2,

0.5 g, 0.57 mmol), anhydrous Zn(OAc)2 (100 mg, 0.55 mmol)

and dry quinoline (50 g) were stirred at 190 1C for 24 h under a

highly purified argon atmosphere, and then cooled to room

temperature. The solvent was removed by distillation under

reduced pressure, leaving a red residue, which was chromato-

graphed on silica gel using a gradient of toluene and chloro-

form in order to remove the largest portion of polar

impurities. The red fraction (Rf = 0.33 in toluene) was

collected. After evaporation of the solvent, 267 mg of red

solid POSS-PDI-POSS (55% yield) was obtained. 1H NMR

(400 MHz, CDCl3): d (ppm) = 8.67 (d, 4H, perylene-H),

8.71–8.73 (d, 4H, perylene-H), 4.22 (t, 4H, –CH2–), 1.85

(m, 18H, –CH– and Si–CH2–CH2–), 0.94 (d, 84H, –CH3),

0.60 (t, 32H, Si–CH2–).
13C NMR (75 MHz, CDCl3):

d (ppm) = 163.2, 134.5, 131.3, 129.4, 126.4, 123.4, 123.0,

42.9, 29.7, 25.7, 23.9, 22.5, 21.6, 9.8. 29Si NMR (59.4 MHz,

CDCl3): d (ppm) = �67.5, �67.8.38 Elemental analysis: calc.

for C86H146N2O28Si16: C, 49.06; H, 6.99; N, 1.33%. Found: C,

49.10; H, 7.29; N; 1.12%.
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