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Reactive bay functionalized perylene monoimide-polyhedral
oligomeric silsesquioxane organic electronic dye
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Aggregation-induced quenching is particularly detrimental in perylene diimides, which are characterized by a near-unity
fluorescence quantum yield in solution but are far less emissive in the solid state. Previously, perylene diimide has been im-
proved by linking it to the inorganic cage of polyhedral oligomeric silsesquioxanes. As a further study on perylene diimide-
polyhedral oligomeric silsesquioxanes, we report on a double functionalized molecular structure, which can be used for substi-
tution at the bay area and as a side group in other materials. Typical solution absorption and emission features of the perylene
diimide fragment have been observed in this new reactive perylene diimide-polyhedral oligomeric silsesquioxane. Moreover,
reduced stacking during aggregation and spherical particles exhibiting solid fluorescence have been obtained. Organic semicon-
ducting material with enhanced solid state photophysical properties, like solid fluorescence is a subject of great interest owing
to its possible high-tech applications in optoelectronic devices.
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1. Introduction

In the recent past, great emphasis has been put
on engineering of inexpensive organic semicon-
ducting materials, which can be used to replace the
dominant inorganic materials in optoelectronic ap-
plications. Extensive research has been carried out
in the past few years and a number of organic mate-
rials with acceptable optoelectronic properties have
been identified [1–4]. These organic materials have
found applications in optoelectronic devices, such
as thin-film transistors [5–7], photovoltaics [8–13],
liquid crystals [14, 15], light-emitting diodes [16–
19], fluorescence switches [20, 21], sensors [22–
25], molecular wires and transistors [26, 27]. How-
ever, one major drawback of the organic semi-
conductors is their inferior electronic properties in
solid state compared to their solution state.

Perylene diimide (PDI) is an organic semi-
conducting material, which has been gaining a
lot of interest among researchers due to the fact
that it is one of the few and best n-type organic
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materials [5, 26–28]. In addition, PDI has other su-
perior properties, which include strong absorption
with high molar absorption coefficients, long fluo-
rescence lifetime and near unity fluorescence quan-
tum yield [29, 30]. There has been a great desire to
exploit the application of PDI in optoelectronic de-
vices. However, other PDI, like organic semicon-
ductors, have inferior solid state properties com-
pared to their photophysical properties in the liquid
state.

PDI has a large π-system, which makes the ma-
terial susceptible to stacking. The stacking renders
the development of ordered solid structures of PDI
difficult and limits its solubility in organic solvents,
which is an important aspect of processing elec-
tronic devices using simple methods. PDIs stacking
can be reduced by constraining the π-π intermolec-
ular interactions. PDI derivatives with bulky substi-
tutes on the N′N – imides provide steric hindrance
to PDI core, which can greatly reduce the stacking.

Recently, a bulky polyhedral oligomeric
silsesquioxanes nanoparticle (POSS) has
emerged as a unique material for hybridiza-
tion of polymers with many advantages [31–34].
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Fig. 1. Synthesis procedure for POSS-PDIBr.

Taking advantage of the bulkiness of POSS to
suppress the π-π interaction in PDI, we have
previously end-capped planar PDI with POSS
and reported on its photophysical properties [35].
Similar molecular structure has been investigated
by other groups [36, 37]. The solution UV-Vis ab-
sorption and photoluminescence properties of the
POSS bound PDI (POSS-PDI-POSS) are similar
to those of the parent PDI. However, aggregation
studies have shown that the inherent stacking
tendency in PDI is greatly suppressed thereby
allowing the PDI chromophore to crystallize into
highly ordered single dimensional structures of
triclinic nature [36]. The crystals, unlike the parent
solid PDI, have enhanced solid fluorescence and
are highly soluble in organic solvents. These
properties are very important in developing PDI
based optoelectronic devices.

While there has been a success in incorporation
of POSS on PDI, more work needs to be done to
fully exploit this approach. So far there has been
no work reported on creating reactive groups on
the POSS-PDI-POSS for the use as a side group
in other materials. In this line of thought we have
designed a POSS bound PDI molecule with two

reactive sites namely: (i) reactive anhydride end to
allow possible attachment of POSS bound PDI to
other materials and (ii) bromine reactive group at
the PDI bay area to allow further substitution of
PDI core for electronic properties modification.

2. Experimental
2.1. Materials

Aminopropyl isobutyl POSS (Hybrid Plas-
tics Inc., AM0265, > 97 %), perylene-3,4,9,10-
tetracarboxylic dianhydride (PTCDA, J&K Chem-
ical Ltd., > 98.0 %), imidazole (J&K Chemical
Ltd., > 99 %), 1,2-dichlorobenzene (ODCB, J&K
Chemical Ltd., anhydrous, 99 %) and other organic
solvents (J&K Chemical Ltd.) were used as re-
ceived without further purification.

2.2. Synthesis of N-isobutyl polyhedral
oligomeric silsesquioxanes-1,7-dibromo-
perylene mono anhydride (POSS-PDIBr)

PTCDABr was synthesized by bay area func-
tionalizing PTCDA in a single step by react-
ing with bromine in concentrated sulphuric acid
following previous reference [38]. POSS-PDIBr
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was synthesized as outlined in Fig. 1, using the fol-
lowing method: 4.54 g of POSS (5.1 mmol), 2.8 g
of PTCDABr, (5.1 mmol), 9.2 g of imidazole and
10 mL of ODCB were placed in a round bottom
flask fitted with a reflux condenser. Under argon at-
mosphere, the mixture was heated in an oil bath
at 160 °C with vigorous stirring for 3 h. The mix-
ture was then cooled and extracted with 200 mL
of chloroform several times before being washed
with water. The extract was then concentrated on
a rotary evaporator to give a red compound, which
was a mixture of POSS-PDIBr and POSS-PDIBr-
POSS. The two compounds were separated by col-
umn chromatography using chloroform: methanol
(yield 80 %).

POSS-PDIBr-POSS: FT-IR (KBr) 3431, 2950,
2879, 1702, 1664, 1590, 1466, 1394, 1333, 1227,
1100, 1025, 835, 809, 757, 563 and 482 cm−1.
1H NMR (400 MHz, CDCl3): δ (ppm) = 9.51 (d,
2H, ArH), 8.94 (s, 2H, ArH), 8.73 (d, 2H, ArH),
4.23 (m, 4H, CH2), 1.85 (m, 16H, CH2/i-Bu CH2),
0.96 (t, 84H, i-Bu CH3), 0.73 to 0.6 (m, 32 H,
Si CH2). 13C NMR (400 MHz, CDCl3): δ (ppm)
= 161.9, 138.3, 132.8, 129.4, 126.8, 122.8, 120.9,
43.1, 25.3, 23.6, 22.2, 21.1, 9.5

POSS-PDIBr: FT-IR (KBr) 3184, 2954, 2853,
1774, 1713, 1664, 1631, 1558, 1463, 1330, 1228,
1105, 1034, 954, 832, 742, 560 and 482 cm−1.
1H NMR (400 MHz, CDCl3): δ (ppm) = 9.46 (d,
1H, ArH), 8.94 (s, 2H, ArH), 8.85 (s, 2H, ArH),
8.73 (d, 1H, ArH) 4.20 (m, 2H, CH2), 1.87 (m, 7H,
CH2/i-Bu CH2), 0.96 (t, 42H, i-Bu CH3), 0.74 to
0.60 (m, 16H, Si CH2).

2.3. Equipment and sample testing

NMR spectra were measured on a Bruker
400 MHz NMR spectrometer with deuterated chlo-
roform (CDCl3, J&K Chemical Ltd. > 99.8) as a
solvent. The 1H NMR spectra were referenced to
the residual proton impurities in the CDCl3 at δ

7.27 ppm, while the 13C NMR spectra were ref-
erenced to CDCl3 at δ 77.00 ppm.

UV-Vis spectra were recorded on a Lambda
35 (Perkin Elmer) spectrophotometer. The excita-
tion and emission spectra of the samples were in-
vestigated on a FP-6600 steady-state fluorescence

spectrophotometer. All the measurements were car-
ried out at room temperature in ambient air (unless
otherwise stated) and the analysis range was 200 to
800 nm with a resolution of 1 nm.

3. Results and discussion
3.1. Molecular design and synthesis

PTCDA, the parent material for making PDI has
two anhydride reactive ends. Single substitution of
the anhydride end results in perylene monoimide
monohydride. Monoimidization of PDI improves
the properties of PDI in a similar way as diimidiza-
tion does, although at slightly lower level due to re-
duced substituent effect. However, the lower effect
is compensated by the fact that the remaining anhy-
dride group can be used as a reactive group. Func-
tionalization of PDI at the bay area with bromine
is an important process allowing incorporation of
various substitutes on PDI core for electronic mod-
ification. PTCDABr was condensed with amino
POSS (1:1 molar ratio) in limited time (3 h) giv-
ing a mixture of diimide (POSS-PDIBr-POSS) and
monoimide PDI (POSS-PDIBr). The mixture was
separated using simple separation techniques: ex-
traction and column chromatography. Attempts to
first condense PTCDABr with amino POSS to form
diimide followed by partial condensation with a
base (KOH) failed to give the monoimide. These
could be due to the alkali effect on the POSS degra-
dation [39].

The success of the synthetic procedure was con-
firmed by molecular characterization. The presence
of both anhydride carbon C=O and imide C=O
stretching at 1774, 1713 and 1661, 1631 cm−1, re-
spectively, plus C–O stretching peak at 1034 cm−1

on the FT-IR spectrum, were a clear indication
of PDI monoimide compound. The presence of
POSS cage was confirmed by the presence of
Si–O bonds at 1109 cm−1, Si–C bonds at
1228 cm−1 and the CH2 bonds on POSS ob-
served at 2954 and 2853 cm−1. Further confirma-
tion of successful synthesis of POSS-PDIBr was
verified by 1H NMR, whereby methyl protons, me-
thine protons and the protons of the methylene of
POSS moiety were positively identified at 0.96,
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1.87 and 0.74 to 0.60 ppm, respectively, with cor-
rect integration of the number of protons. The
1H NMR for POSS-PDIBr-POSS closely resembled
that of POSS-PDIBr with the main difference be-
ing doubling of POSS moiety protons. 13C NMR
for POSS-PDIBr-POSS confirmed the presence of
the POSS cage, which revealed the Sp3 carbons at
25.3, 23.6, 22.2, 21.1 ppm; these bands reflected
the isobutyl chains on the POSS cage [40].

3.2. Photophysical properties of POSS-
PDIBr in solution

The ease in modification of PDI photophysical
properties strongly depends on the nodes at the N-
imide. The use of POSS on the N-imide has been
reported to change only slightly the characteris-
tic solution UV-Vis absorption and photolumines-
cence properties of PDI [34, 35]. Monoimidizing
PDI with POSS and bay functionalizing it with
bromine to form POSS-PDIBr is expected to alter
the POSS-PDIBr-POSS solid state absorption and
luminescent properties. The results of solution UV-
Vis absorption and fluorescence emission tests of
POSS-PDIBr and POSS-PDIBr-POSS are shown in
Fig. 2.

The UV-Vis absorption results of POSS-PDIBr
revealed the PDI characteristic peaks similar to
those of POSS-PDIBr-POSS, which were compara-
ble to POSS-PDI-POSS [34]. POSS-PDIBr-POSS
had four absorption peaks appearing at 384, 451,
480, and 517 nm as shown in Fig. 2a, while POSS-
PDIBr gave the peaks at 422, 460, 493, and 526 nm
as illustrated in Fig. 2b. It is important to note the
slight red shifting of the absorption bands of POSS-
PDIBr relative to POSS-PDIBr-POSS. The corre-
sponding solution fluorescence spectrum POSS-
PDIBr and POSS-PDIBr-POSS both revealed the
characteristic mirror image of the absorption spec-
trum. However, it could be easily noticed that
the fluorescence bands of POSS-PDIBr-POSS were
well resolved compared to those of POSS-PDIBr.
These slight differences in absorption and fluores-
cence of POSS-PDIBr and POSS-PDIBr-POSS in-
dicate that there was a small difference in aggrega-
tion brought about by reducing the steric hindrance
in POSS-PDIBr. However, the PDI absorption prop-
erties largely remained unchanged.

Fig. 2. UV-Vis absorption spectra (red line) and photo-
luminescence spectra (black line), of (a) POSS-
PDIBr-POSS and (b) POSS-PDIBr in CHCl3
(1.0 × 10−5M) at excitation wavelength of
525 nm.

The solubility of POSS-PDIBr in different or-
ganic solvents was tested using UV-Vis absorption
spectra and the results have been shown in Fig. 3.
The sample showed good solubility in all the tested
solvents, which had varying polarity. The parent
PDI usually shows limited solubility in organic sol-
vents, which is limited only to polar solvents [41].
In our case, POSS-PDIBr had good solubility in
both polar solvents, like chloroform, and non po-
lar solvents, like hexane. The good solubility indi-
cates that the usually strong π-system interactions
have been weakened resulting in easy solvation in
the different solvents.

Solution self assembly of conjugated molecules
can be used to investigate the strength of π-π
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Fig. 3. UV-Vis absorption spectra of POSS-PDIBr in
different solvents (1.0 × 10−5 M).

interaction forces. Strong forces will tend to cause
the molecules to start aggregating in very low con-
centrated solutions, while weak forces will only
cause the molecules to start aggregating at a much
higher concentration in solution. The self assem-
bly of POSS-PDIBr was tested by varying its con-
centration in toluene from 3.65 × 10−7 M to
2.92 × 10−4 M and measuring the corresponding
solution absorption and fluorescence spectra. The
results are depicted in Fig. 4a and Fig. 4b.

From the solution absorption spectra it can be
seen that all the spectra within the tested concentra-
tion retained the same characteristic shape, only the
peak intensity increased with an increase in con-
centration. However, no signs of peak shifting, new
peak appearance at higher wavelength or maximum
peak reversal, which are used to confirm the on-
set of aggregation, are observed within the concen-
tration range. Their absence indicates that POSS-
PDIBr remained in monomeric form within the con-
centration range. The parent PDI shows the afore-
mentioned aggregation signs at very low concen-
trations of up to 10−5 M in common organic sol-
vents [41]. Increasing POSS-PDIBr concentrations
above 10−4 M without an onset of aggregation is a
clear indication that the molecular π-π interaction

Fig. 4. Effect of concentration on the (a) UV-Vis ab-
sorption spectra of POSS-PDIBr and (b) flores-
cence spectra in toluene; the arrows indicate the
effect of increasing concentration.

forces are weaker than in the parent PDI. This im-
plies that despite reducing the bulky POSS to one
per molecule in the molecular design, the steric hin-
drance still effectively constrained the interactions.
Similar observations were confirmed by the corre-
sponding fluorescence spectra.
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Fig. 5. Images of POSS-PDIBr observed with (a) optical microscope (b) and (c) with SEM.

3.3. Crystallization of POSS-PDIBr

The π-π interactions are the main forces that
determine the packing of the PDI molecules. When
these forces are not controlled, the molecules are
randomly packed in several directions without al-
lowing them to orient to the energy minimized po-
sitions. This condition is not conducive for devel-
oping structures, which are highly ordered. The
packing can be slowed down to give molecules
more time for orientation by reducing the inter-
molecular attraction forces. Methanol and chloro-
form are two immiscible solvents, which, when put
together in different layers over a long period of
time, slowly become miscible. The POSS-PDIBr
is highly soluble in chloroform but has poor solu-
bility in methanol. POSS-PDIBr crystals were pre-
pared by dissolving the sample in a small amount

of chloroform followed by adding to a large amount
of methanol on the top. A buffer solution (2:1 C:M)
was used to separate the two phases. After two
weeks, solid particles of POSS-PDIBr which had
deposited at the base, were collected, cleaned us-
ing methanol and dried. The particles were then
observed with an optical microscope. The SEM im-
ages and their morphology are shown in Fig. 5.

PDI derivates when slowly crystallized gener-
ally form single dimensional crystalline structure.
We have previously crystallized POSS-PDI-POSS
and formed one dimensional crystals, which were
triclinic in nature [35]. Similar results have been
obtained when we crystallized POSS-PDIBr-POSS.
It was surprising to note that crystallizing of POSS-
PDIBr resulted in very unique crystal structures
of well defined spherical shape as shown in the
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Fig. 6. Solid fluorescence images of POSS-PDIBr crystals observed under (a) optical microscope, (b) fluorescence
microscope under green light (c) fluorescence microscope with UV light illumination, (d) fluorescence
microscope under blue light.

optical microscope image in Fig. 5a. Further mag-
nification obtained with SEM revealed that the
spheres had a fibrous morphology as shown in
Fig. 5c. The spherical morphology is consistent
with the molecular design, which favors the close
packing of molecules due to distorted π-π stacking
and molecular asymmetry; these conditions prevent
the molecules from assembling along one direc-
tion. Spherical crystalline PDI materials have been
reported to have enhanced solid state fluorescence
compared to one and two dimensional crystalline
PDI [42]. It is also speculated that the spheres
might have some hollow space inside as evidenced
by the SEM morphology, which can be used to
encapsulate and release guest solutes on demand,
controlled by light irradiation, which are of partic-
ular interest for cargo delivery.

In light of the foregoing results, preliminary
solid fluorescence tests have been carried out on
POSS-PDIBr using a fluorescence microscope with
the results presented in Fig. 6, which confirm that
the spheres emit red fluorescence light when ex-
cited using different light wavelengths. Further
study should be undertaken to ascertain the en-
hancement of solid fluorescence by the spherical
structure and the presence of hollow space in the
sphere.

4. Conclusions
We have successfully synthesized POSS bound

PDI with two reactive groups (anhydride and
bromide). The photophysical properties of the
molecular structure closely resembled the one of
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POSS-PDIBr-POSS with all the main absorption
peaks appearing with minimal shifting. Self assem-
bly results showed that despite reduction of the
bulky POSS from two to one per molecule, the
steric hindrance was still high enough to constrain
the π-π interactions. Surprisingly, spherical crys-
tal particles have been formed, which are expected
to have enhanced solid fluorescence – a prop-
erty highly demanded for optoelectronic device
application.
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