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This study aims to present the fabrication of colloidal photonic crystals (PCs) doped with perylenediimide
(PDI) derivatives. Monodisperse PDI doped core-shell polymer particles have been obtained by employ-
ing a soap-free emulsion polymerization process of styrene and 2-hydroxyethylmethacrylate with the
chromophore solubilized in the organic phase. The obtained polymer colloids allowed the fabrication of

PC films that have been investigated by UV-vis and fluorescence spectroscopy. The hybrid materials have
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aggregates are formed.

been investigated in comparison with PCs doped by the classical impregnation method. Thus, the dop-
ing using soap-free emulsion polymerization resulted in the obtaining of PDI doped core-shell polymer
particles exhibiting monomer emission, whereas by employing an impregnation doping method H-type

© 2012 Published by Elsevier B.V.

1. Introduction

Polymer chemistry permits the obtaining of monodisperse
nanoparticles capable of crystal lattice formation, thus allowing the
manufacturing of colloidal photonic crystals (PCs). PCs present a
periodic dielectric arrangement which does not allow propagation
of light in all directions for a given frequency range, due to Bragg
diffraction, resulting in stop-bands or band gaps formation [1-3].

Soap-free emulsion polymerization [4-9] represents one of the
most promising methods in polymer chemistry that allows the syn-
thesis of sub-micronic polymer colloids. Colloidal particle films can
be obtained by various methods, such as gravitational sedimenta-
tion [6], centrifugation, vertical deposition [10], spin-coating [11],
physical confinement, interfacial [12] or electric field induced self-
assembly [13].

Perylene-3,4:9,10-bis(dicarboximide) (PDI) derivatives are
chromophores used as dyes and pigments in a wide variety of
applications thanks to their exceptional high chemical, thermal
and photochemical stability [14]. Also, due to their outstanding
photophysical and photochemical properties characterized by
high quantum yield of photoluminescence close to unity, PDI
derivatives represent one of the most widely studied classes of
organic semiconductors with potential applications as fluorescent
dyes [15], near-IR dyes [16], optical and molecular switches
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[17,18], artificial photosynthetic systems [19] or molecular wires
[20], photosensitizers [21,22] and lasers dye [23].

The properties of the versatile PDI chromophore can be eas-
ily fine tuned by introducing suitable substituents in the 1, 6, 7
and 12 positions, the so-called bay positions [24] to exhibit quite
diverse electronic and optical properties [25]. Nevertheless, crystal-
lographic structures of PDI derivatives substituted at the bay region
are characterized by a twist of the carbon framework resulting from
repulsion and steric effects among the substituents [26,27].

The doping of PCs with fluorescent dyes allows the inves-
tigation of the stop-band influence on the photoluminescence
properties [28-32]. Near the stop-band of PCs, light propagates at
reduced group velocities due to resonant Bragg scattering, which
can enhance luminescence by stimulated emission and amplify the
absorption of incident light. Another important aspect that can be
studied is the possibility to obtain a random laser effect using the
dye doped PCs structures [33,34].

Hybrid materials have been fabricated by incorporation of dye
molecules into PCs through an emulsion polymerization process in
the case of water soluble chromophores [28,32]. Another strategy
consists in the loading of dyes by a swelling and deswelling process
of the already synthesized colloids [32,35].

In this study, hybrid materials comprised of PDI and PCs have
been obtained by two different methods:

e Soap-free emulsion polymerization of styrene and 2-
hydroxyethylmethacrylate in the presence of PDI derivatives,
despite poor solubility of the dye in water. The substitution
on the bay area (1, 6, 7 and 12 tetrachlorine) and the imide
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functionalization (dipentyl) [24,36] of PDI enhances the solu-
bility in organic solvents, such as styrene, thus making possible
the polymerization process, but allows significant dye molecule
- stacking interaction to take place.

e Impregnation of PCs with a PDI solution. The characteristics of
solubility of this PDI derivative appeared particularly suitable,
making possible the impregnation method without disturbing
the crystal arrangement of PCs.

This study aims to investigate the influence of the PDI function-
alization on the polymerization process, and the properties of the
doped hybrid materials. Thus, the obtained materials have been
characterized by DLS, optical microscopy, UV-vis and fluorescence
spectroscopy.

2. Materials and methods
2.1. Materials

Styrene (ST) (Merck) has been purified through vacuum dis-
tillation. 2-hydroxyethylmethacrylate) (HEMA) (Aldrich) has
been passed through separation columns filled with Al,03
to remove inhibitors. Potassium persulfate (KPS) (Merck) has
been recrystallized from an ethanol/water mixture and then
vacuum dried. Perylenediimides (N,N’-bis(2’-hydroxyethyl)-
1,6,7,12-tetrachloroperylene-3,4:9,10-bis(dicarboximide) PDI
1 and N,N’-dipentyl-1,6,7,12-tetrachloroperylene-3,4:9,10-bis-
(dicarboximide) PDI 2) were obtained according to previous
methods [37,38]. The structures of the chromophores are presented
in Scheme 1.

2.2. Methods

2.2.1. Soap-free emulsion polymerization

e Preparation of the poly(styrene-co-2-hydroxyethylmethacrylate)
ST-HEMA colloidal dispersion: ST (6.5 mL) and HEMA (2 mL) have
been added in 100 mL of distilled water together with 62.5 mg
of KPS. The reaction mixture has been nitrogen purged and
then maintained for 8 h at 75°C under continuous stirring. The
final dispersion has been dialyzed in distilled water for 7 days,
using cellulose dialysis membranes (molecular weight cutoff:
12,000-14,000) to remove the unreacted monomer and initiator.
Preparation of the ST-HEMA-PDI colloidal dispersions: A mixture
of 6.5 mL of ST and 0.11 g of PDI were added to 100 mL of distilled
water containing 62.5 mg of KPS and 2 mL of HEMA. The reaction
mixture was purged with nitrogen and then maintained for 8 h at
75 °Cunder continuous stirring. The final dispersion was dialyzed
in distilled water for 7 days, using cellulose dialysis membranes
(molecular weight cutoff: 12,000-14,000), in order to remove the
unreacted monomers and initiator.

Preparation of the PDI films: 10~2 mol L~ solutions of PDI in chlo-
roform were prepared, and the PDI was deposited on a glass
substrate by dip-coating method.

Preparation of ST-HEMA + PDI impregnation films: ST-HEMA film
with synthetic opal properties was obtained by gravitational sed-
imentation on a glass substrate and dried at 70°C for 1h. PDI
solutions in toluene (10~2 mol L-1) were deposited on ST-HEMA
surface by dip-coating method.

2.3. Characterization

The particle size measurement, through dynamic light scat-
tering (DLS), and the Z potential were obtained with a Nani ZS
device (red badge). Microphotographs were obtained using an opti-
cal microscope (Olympus, BX-41) equipped with a CCD camera. The

UV-vis spectra were recorded using a V-500 Able Jasco spectropho-
tometer. The fluorescence spectra were recorded using a FP-6500
Jasco spectrofluorometer.

3. Results and discussion

The first stage of this study consists in the determination of the
influence of PDI derivatives chromophores (PDI 1 and PDI 2) on
the soap-free emulsion copolymerization reaction of ST-HEMA sys-
tem. Thus, in order to obtain information on the particle dimension
and the stability of the latexes, the obtained emulsions were inves-
tigated by DLS analysis. The measurements were performed on
highly diluted samples in order to rule out interaction and multiple
scattering effects. DLS measures Brownian movement according to
the particles size. These analyses are obtained by irradiations of the
polymer particles with a laser beam and computing the intensity
of the scattered light at 90° angles. The results are presented in
Fig. 1.

The first information obtained from this analysis was the
monodispersity of the obtained systems. The particles dimensions
were found to be influenced by the presence of the two PDI deriva-
tives, which leads to a size decrease of the copolymer particles.
Thus, for the ST-HEMA the particles size was determined to be
278 nm, for ST-HEMA-PDI 1 system the particles size was 260 nm
and for the ST-HEMA-PDI 2 system 269 nm. The particle size vari-
ation may be due to the scavenger capability of PDI during the
soap-free emulsion polymerization process. In our previous stud-
ies, this effect was observed during the polymerization reaction in
the presence of fullerene Cgg Thus, by homogeneous nucleation,
a higher number of particles with smaller dimensions are formed,
due to the inhibition in the water phase of the propagating radi-
cals by the PDI molecules transported by the ST from the organic
phase. In agreement with our previous investigations [7-9] prov-
ing that the majority of hydrophilic groups from the monomer
are arranged by homogeneous nucleation at the surface, the PDI
moieties should be reasonably arranged inside the copolymer par-
ticles. Moreover, the slight difference between the particle size
dimension for ST-HEMA-PDI 1 and ST-HEMA-PDI 2 is in accor-
dance with the hydrophilic characteristic of the molecule. A more
hydrophilic PDI 1 results in lower particle size, the PDI 1 presenting
an increased interaction at the interface with the water phase and
thus an increased radical scavenger effect. The values of the Zeta
potential for the obtained latexes ST-HEMA, ST-HEMA-PDI 1 and
ST-HEMA-PDI 2 (see Fig. 1) were —39mV, —39.8 mV and —41 mV,
respectively, which confirm colloidal stability in all cases.

In order to study the properties of the obtained photonic
crystals and due to the particle monodispersity, the next charac-
terization performed was optical microscopy (Fig. 2). The average
distance between the defects (resulted from water evaporation)
was estimated to 50 wm proving the good quality of the final opal
films.

According to Bragg’s law, the existence of crystalline structures,
will determine the reflection of light at a specific wavelength radi-
ation from the material. Thus, the photonic crystals film presented
in Fig. 2 were characterized by UV-vis, using a UV-vis spectrometer
equipped with a reflection integration sphere (Fig. 3).

The characteristic peak (stop band) confirms the presence of a
crystalline, photonic crystal structure in all three systems. The stop
band value is dependent on the size of the particles, which modify
the Bragg diffraction of the (1 1 1) planes of the crystalline structure
[6,10]. Thus, a blue shift of the stop band is noticed in correla-
tion with a decrease in particle size. Therefore, the UV-vis spectra
confirm the data provided by the DLS analysis, proving the obtain-
ing of different size monodisperse particles with self-assembling
capabilities.
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Fig. 1. DLS analysis of: (a) ST-HEMA; (b) ST-HEMA-PDI 1; (c) ST-HEMA-PDI 2 latexes.
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Fig. 2. Optical microscope images at various magnifications; from left to right: 20x; 50x; 100x for: (a) ST-HEMA; (b) ST-HEMA-PDI 1; (c) ST-HEMA-PDI 2.

For the PDI polymeric films (Fig. 3), a decrease in the reflection
response in the absorption domain of PDI is not observed. This can
be explained by the incorporation of PDI (scavenger) in the parti-
cles and the overlay of the absorption domain and the stop band of
the PC. Consequently, the influence of the adsorption band corre-
sponding to free dye is not observed due to the core-shell structure
of the hybrid material obtained. All the dye molecules have been
incorporated in the polymer particles.

76

554 nm 563 nm

ST-HEMA
ST-HEMA-PDI 1
ST-HEMA-PDI 2

70

%R

60

52
400 500 600 700

Wavelength [nm]

Fig. 3. UV-vis spectra for the polymeric films.

In other works published by our group [39,40], it was demon-
strated that in the case of the ST-HEMA core-shell structure is
obtained, with the shell composed mainly of HEMA. Therefore, the
structures obtained in the presence of PDI can resemble the one
presented in Fig. 4.

According to previous articles [31] the photonic crystal may act
as aBragg mirror and can effectively increase fluorescence intensity
of organic dyes because of the enhanced excitation and/or emis-
sion light. A condition for fluorescence enhancement is that the
excitation wavelength is in the stop band of the photonic crys-
tal. The excitation light reflected by a Bragg mirror can stimulate
more dye molecules, which also favors fluorescence enhancement.
The properties of the hybrid material were studied by compari-
son with hybrid materials obtained by impregnation of films with
chromophore solutions. In both cases an increase of the fluores-
cence response was observed. In addition, a blue shift for the PDI
core particles was also observed, proving the incorporation of the
dye inside the copolymer particles.

Considering our previous research [41], we consider relevant
the impregnation of the obtained photonic crystals films with PDI
solutions and the analysis in comparison of the optical properties.

Fig. 4. The core-shell structure of the polymer particles.
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Fig. 5. Optical microscope images at various magnifications; from left to right: 20x; 50x; 100x for: (a) ST-HEMA impregnated with PDI 1; (b) ST-HEMA impregnated with

PDI 2.

The optical microscopy images for films obtained by impregna-
tion are presented in Fig. 5. Obviously, the presence on the surface
of the chromophores, a stronger coloring of the films is observed
compared to Fig. 2. In this case, the distances between the defects
are 50 wm, confirming that a good photonic crystal structure was
obtained and maintained.

Fluorescence spectroscopy was utilized in order to ascertain the
incorporation of the chromophore inside the polymer particles and
to determine the emission characteristics (Fig. 6).

For both chromophores used in the soap-free emulsion poly-
merization, investigations were carried out on: (1) the film
obtained by water evaporation from the latex obtained in the
presence of the chromophores (ST-HEMA-PDI film); (2) the films
impregnated with the chromophores (ST-HEMA + PDI film impreg-
nation); (3) the chromophores films deposited on glass (PDI film);
(4) the latex from the polymerization reaction (ST-HEMA-PDI
latex); (5) the chromophore solution (PDI solution) using an
excitation wavelength of 485nm. A preliminary analysis of the
emission characteristics reveals similar responses for PDI 1 and
PDI 2 systems. Thus, the response for PDI film is recorded
at 575nm, followed by the ST-HEMA+PDI film impregnation
at 560 nm, respectively ST-HEMA-PDI latex, PDI solution and
ST-HEMA-PDI film at around 500 nm. These values can only be
explained by different physical interaction between the chro-
mophore molecules. Thus, a blue-shift of the emission is noticed
with the decrease of size of chromophore aggregates formed (from
excimer to individual molecule, respectively monomeric forms)
[18,38]. This statement is supported by the emission of PDI solu-
tion (10~% mol L-1) which contains the solvated PDI dye molecules
(monomeric form) (500nm) unlike the films where the physi-
cal interaction between the molecules are intense and numerous
(leading to excimer’s formation) (575 nm). Also, different emis-
sion values for the ST-HEMA +PDI impregnation films and PDI
films compared to the monomeric emission suggest a differ-
ent degree of aggregation in these samples. The most important
observation is that ST-HEMA-PDI polymer nanoparticles present
monomer type emission, which can be explained by the fact
that the process of incorporation of the dye molecules inside de
polymer particles also acts as impediment in the forming of dye
aggregates.

In order study the influence of interaction type between the
dye molecules on the fluorescence emission, UV-vis analysis of
PDI 2 solution (7.5 x 10~ molL-1), PDI 2 film, ST-HEMA PDI 2
impregnation and PDI 2 solid (Fig. 7) was performed. Both the dye
film and the impregnation were realized with a dye solution of
7.5x 106 molL~! in toluene. A red shift of PDI 2 characteristic
absorption can be noticed in the order: ST-HEMA PDI 2 impregna-
tion <PDI 2 film < PDI 2 solid. This phenomenon can be explained by
the aggregates size which can vary in this order from the monomer
specie to different size aggregates.

The previous analysis reinforces the fluorescence information,
but more interesting would be analysis of the evolution of the
interaction between the dye molecules from the start of the
polymerization to the final product of the reaction. Thus, the
UV-vis spectra of PDI 2 solution (2) in styrene with a concen-
tration equal to the one used in the reaction (2.25 x 10~4 mol L~!
solution in styrene), PDI 2 solution (1) (7.5 x 10~ moIL-! solu-
tion in styrene) and ST-HEMA+PDI 2 impregnation with a
solution of 2.25x10"4molL~! concentration were recorded.
(Fig. 8)

All the examples involve the use of the same dye, a dependence
of the absorption characteristics on the concentration of dye used
and the interaction arising from this concentration being observed.
Thus, a blue-shift of the absorption characteristics is noticed both
for the concentrated PDI 2 solution and for photonic crystal impreg-
nated with the more concentrated solution (PDI 2 solution (2)).
The self-association of dyes in solution or at the solid-liquid inter-
face is a frequently encountered phenomenon in dye chemistry
arising from strong intermolecular Van der Waals-like attractive
forces between the molecules, or in our case - stacking inter-
action between perylene bay areas. The aggregates in solution
exhibit distinct changes in the absorption band as compared to
the monomeric species. Hypsochromic shifts (blue-shifts) are spe-
cific to H-aggregates. The H type aggregates are a one-dimensional
array of molecules in which the transition moments of individual
monomers are aligned parallel to each other and perpendicular to
the line joining their centers (face-to-face arrangement). The key
point of this study is that at the beginning of the polymerization
process the dye molecules are present as H type aggregates, and
that by employing a soap-free emulsion polymerization process
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with the incorporation of dye molecules, in the final material the
chromophore molecules are presented as monomer species.

4. Conclusion

Photonic crystals modified with fluorescent chromophores have
been obtained by employing soap-free emulsion polymerization in
the presence of PDI and by impregnation of the ST-HEMA films
with PDI solutions. This study demonstrated that the PDIs influence
on the soap-free polymerization of ST-HEMA leads to a decrease
in particle size due to its scavenger effect and that the employed
method of PDI doping allows the obtaining of monomer type emis-
sion of polymer particles containing PDI.

The PCs have been characterized by UV-vis and fluorescence
spectroscopy. A blue-shift is noticed with the decrease of size
of chromophore aggregates formed (from excimer to individ-
ual molecule, respectively monomeric form). This statement is
supported by the difference between the emission of PDI solu-
tion (10-molL-1) containing the solvated PDI dye molecules
(monomeric form) (500 nm) and the films where the physical inter-
action between the molecules are intense and numerous (leading
to excimer’s formation) (575 nm).

The key point of this study is that at the beginning of the
polymerization process the dye molecules are present as H type
aggregates and by employing a soap-free emulsion polymerization
process with the incorporation of dye molecules, the final mate-
rial presents the chromophore molecules as monomer species. This
can be explained by the fact that the process of incorporation of

the dye molecules inside de polymer particles also acts as impedi-
ment in the formation of dye aggregates. Thus, the radical formation

and polymer particle nucleation disrupts the dye molecule w-
stacking interaction.

Acknowledgment

The National Authority for Scientific Research from The Min-
istry of Education, Research and Youth of Romania is gratefully

acknowledged for the financial support through project “POS-
DRU/88/1.5/S/61178".



A. Diacon et al. / Colloids and Surfaces A: Physicochem. Eng. Aspects 407 (2012) 9-15 15

References

[1] E. Yablonovitch, Inhibited spontaneous emission in solid-state physics and
electronics, Physical Review Letters 58 (1987) 2059.

[2] S. John, Strong localization of photons in certain disordered dielectric super-
lattices, Physical Review Letters 58 (1987) 2486.

[3] S.-Y. Lin, E. Chow, V. Hietala, P.R. Villeneuve, ].D. Joannopoulos, Experimental
demonstration of guiding and bending of electromagnetic waves in a photonic
crystal, Science 282 (1998) 274-276.

[4] A.Herzog Cardoso, C.A.P. Leite, M.E.D. Zaniquelli, F. Galembeck, Easy polymer
latex self-assembly and colloidal crystal formation: the case of poly[styrene-
co-(2-hydroxyethyl methacrylate)], Colloids and Surfaces A: Physicochemical
and Engineering Aspects 144 (1998) 207-217.

[5] A.Mocanu, E.Rusen, B. Marculescu, C. Cincu, Synthesis and characterization of a
hybrid material from self-assembling colloidal particles and carbon nanotubes,
Colloid and Polymer Science 289 (2011) 387-394.

[6] E. Rusen, A. Mocanu, A. Diacon, B. Marculescu, Fluorescence enhancement of
Rhodamine B in the presence of photonic crystal heterostructures, Journal of
Physical Chemistry C 115 (2011) 14947-14953.

[7] E. Rusen, A. Mocanu, B. Marculescu, Obtaining of monodisperse particles

through soap-free and seeded polymerization respectively, through polymer-

ization in the presence of Cg, Colloid & Polymer Science 288 (2010) 769-776.

E. Rusen, A. Mocanu, C. Corobea, B. Marculescu, Obtaining of monodis-

perse particles through soap-free polymerization in the presence of Cgp,

Colloids and Surfaces A: Physicochemical and Engineering Aspects 355 (2010)

23-28.

[9] N. Preda, E. Matei, M. Enculescu, E. Rusen, A. Mocanu, B. Marculescu,
I. Enculescu, Effect of aqueous comonomer solubility on the surfactant-
free emulsion copolymerization of methyl methacrylate, Journal of Polymer
Research 18 (2011) 25-30.

[10] H. Ge, Y. Song, L. Jiang, D. Zhu, One-step preparation of polystyrene colloidal
crystal films with structural colors and high hydrophobicity, Thin Solid Films
515 (2006) 1539-1543.

[11] A. Chiappini, C. Armellini, A. Chiasera, M. Ferrari, L. Fortes, M. Clara Gongalves,
R. Guider, Y. Jestin, R. Retoux, G. Nunzi Conti, S. Pelli, R.M. Almeida, G.C. Righini,
An alternative method to obtain direct opal photonic crystal structures, Journal
of Non-Crystalline Solids 355 (2009) 1167-1170.

[12] O.D. Velev, S. Gupta, Materials fabricated by micro- and nanoparticle assembly
- the challenging path from science to engineering, Advanced Materials 21
(2009) 1897-1905.

[13] J. Zhang, Z. Sun, B. Yang, Self-assembly of photonic crystals from polymer col-
loids, Current Opinion in Colloid & Interface Science 14 (2009) 103-114.

[14] Y. Nagao, Synthesis and properties of perylene pigments, Progress in Organic
Coatings 31 (1997) 43-49.

[15] L. Feiler, H. Langhals, K. Polborn, Synthesis of perylene-34-
dicarboximides—novel highly photostable fluorescent dyes, Liebigs Annalen
1995 (1995) 1229-1244.

[16] H. Langhals, P. Blanke, An approach to novel NIR dyes utilising a-effect donor
groups, Dyes and Pigments 59 (2003) 109-116.

[17] M.P. O'Neil, M.P. Niemczyk, W.A. Svec, D. Gosztola, G.L. Gaines, M.R.
Wasielewski, Picosecond optical switching based on biphotonic excitation of
an electron donor-acceptor-donor molecule, Science 257 (1992) 63-65.

[18] S. Leroy-Lhez, ]. Baffreau, L. Perrin, E. Levillain, M. Allain, M.-]. Blesa, P. Hud-
homme, Tetrathiafulvalene in a perylene-3,4:9,10-bis(dicarboximide)-based
dyad: a new reversible fluorescence-redox dependent molecular system, The
Journal of Organic Chemistry 70 (2005) 6313-6320.

[19] M.R. Wasielewski, Self-assembly strategies for integrating light harvesting and
charge separation in artificial photosynthetic systems, Accounts of Chemical
Research 42 (2009) 1910-1921.

[20] T.M. Wilson, M. Tauber, M.R. Wasielewski, Toward an n-type molecular wire:
electron hopping within linearly linked perylenediimide oligomers, Journal of
the American Chemical Society 131 (2009) 8952-8957.

[21] ]. Baffreau, S. Leroy-Lhez, P. Hudhomme, M.M. Groeneveld, .H.M. van Stokkum,
R.M. Williams, Superabsorbing fullerenes: spectral and kinetic characterization

8

of photoinduced interactions in perylenediimide-fullerene-Cgo dyads, The
Journal of Physical Chemistry A 110 (2006) 13123-13125.

[22] ]. Baffreau, S. Leroy-Lhez, H. Derbal, A.R. Inigo, ].-M. Nunzi, M.M. Groeneveld,
R.M. Williams, P. Hudhomme, Light-harvesting fullerenes for organic solar cells,
The European Physical Journal: Applied Physics 36 (2006) 301-305.

[23] M. Sadrai, L. Hadel, R.R. Sauers, S. Husain, K. Krogh-Jespersen, J.D. Westbrook,
G.R. Bird, Lasing action in a family of perylene derivatives: singlet absorption
and emission spectra, triplet absorption and oxygen quenching constants, and
molecular mechanics and semiempirical molecular orbital calculations, The
Journal of Physical Chemistry 96 (1992) 7988-7996.

[24] F. Yukruk, E.U. Akkaya, Modulation of internal charge transfer (ICT) in a
bay region hydroxylated perylenediimide (PDI) chromophore: a chromogenic
chemosensor for pH, Tetrahedron Letters 46 (2005) 5931-5933.

[25] C. Huang, S. Barlow, S.R. Marder, Perylene-3,4,9,10-tetracarboxylic acid
diimides: synthesis, physical properties, and use in organic electronics, The
Journal of Organic Chemistry 76 (2011) 2386-2407.

[26] F. Wiirthner, A. Sautter, C. Thalacker, Substituted diazadibenzoperylenes new
functional building blocks for supramolecular chemistry, Angewandte Chemie
International Edition 39 (2000) 1243-1245.

[27] Z. Chen, M.G. Debije, T. Debaerdemaeker, P. Osswald, F. Wiirthner,
Tetrachloro-substituted perylene bisimide dyes as promising n-type organic
semiconductors: studies on structural, electrochemical and charge transport
properties, ChemPhysChem 5 (2004) 137-140.

[28] S.G. Romanov, T. Maka, C.M.S. Torres, M. Muller, R. Zentel, Photonic band-gap
effects upon the light emission from a dye-polymer-opal composite, Applied
Physics Letters 75 (1999) 1057-1059.

[29] E.P.Petrov,V.N.Bogomolov, LI. Kalosha, S.V. Gaponenko, Spontaneous emission
of organic molecules embedded in a photonic crystal, Physical Review Letters
81(1998) 77.

[30] S.H. Park, D. Qin, Y. Xia, Crystallization of mesoscale particles over large areas,
Advanced Materials 10 (1998) 1028-1032.

[31] M. Muller, R. Zentel, T. Maka, S.G. Romanov, C.M. Sotomayor Torres, Dye-
containing polymer beads as photonic crystals, Chemistry of Materials 12
(2000) 2508-2512.

[32] F.Fleischhaker, R. Zentel, Photonic Crystals from core-shell colloids with incor-
porated highly fluorescent quantum dots, Chemistry of Materials 17 (2005)
1346-1351.

[33] D.S. Wiersma, R. Sapienza, S. Mujumdar, M. Colocci, M. Ghulinyan, L. Pavesi,
Optics of nanostructured dielectrics, Journal of Optics A: Pure and Applied
Optics 7 (2005) S190.

[34] G.D. Dice, AY. Elezzabi, Random lasing from a nanoparticle-based
metal-dielectric-dye medium, Journal of Optics A: Pure and Applied
Optics 9 (2007) 186.

[35] B.Lange, R. Zentel, C. Ober, S. Marder, Photoprocessable polymer opals, Chem-
istry of Materials 16 (2004) 5286-5292.

[36] F. Wurthner, Bay-substituted perylene bisimides: twisted fluorophores for
supramolecular chemistry, Pure and Applied Chemistry 78 (2006) 2341-2349.

[37] J. Baffreau, S. Leroy-Lhez, N. Van Anh, RM. Williams, P. Hudhomme,
Fullerene Cgo—perylene-3,4:9,10-bis(dicarboximide) light-harvesting dyads:
spacer-length and bay-substituent effects on intramolecular singlet and triplet
energy transfer, Chemistry—A European Journal 14 (2008) 4974-4992.

[38] J. Baffreau, L. Perrin, S. Leroy-Lhez, P. Hudhomme, Perylene-3,4:9,10-
bis(dicarboximide) linked to [60]fullerene as a light-harvesting antenna,
Tetrahedron Letters 46 (2005) 4599-4603.

[39] E. Vasile, E. Rusen, A. Mocanu, M. Patrascu, I. Calinescu, Polymer colloids and
silver nanoparticles hybrid materials, Colloids and Polymer Science 290 (3)
(2012) 193-201, doi:10.1007/s00396-011-2530-9.

[40] E.Rusen, A.Mocanu, B. Marculescu, R. Somoghi, L. Butac, F. Miculescu, C. Codrut,
I. Antoniac, C. Cincu, Obtaining complex structures starting from monodisperse
poly(styrene-co-2-hydroxyethylmethacrylate) spheres, Colloids and Surfaces
A: Physicochemical and Engineering Aspects 375 (2011) 35-41.

[41] A. Diacon, E. Rusen, A. Mocanu, P. Hudhomme, C. Cincu, Fluorescence prop-
erties of photonic crystals doped with perylenediimide, Langmuir 27 (2011)
7464-7470.


dx.doi.org/10.1007/s00396-011-2530-9

	Monomer type emission of perylenediimide derivatives doped polymer particles
	1 Introduction
	2 Materials and methods
	2.1 Materials
	2.2 Methods
	2.2.1 Soap-free emulsion polymerization

	2.3 Characterization

	3 Results and discussion
	4 Conclusion
	Acknowledgment
	References


