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The synthesis, optical properties and thermal behaviour of three

novel non-conventional 3,4,9,10-tetrasubstituted perylene-based

discotic oligomers are reported for the first time consisting of a

perylene core attached to which are four 4-cyanobiphenyl,

triphenylene and cholesteryl units via flexible alkyl spacers. All

the oligomers self-assemble into a mesophase and exhibit

excellent fluorescence emission properties making them suitable

for various opto-electronic applications.

Introduction

Non-conventional liquid crystals (LCs) are those materials whose
structure and properties deviate from ordinary or conventional
LCs. One can get these materials of interesting properties by
combining more than one contrasting or different functionalities
within a molecule. Several structural contrasts within a molecule
such as thermotropic–lyotropic, hydrophilic–lipophilic, disc–rod,
nonpolar–polar, oligosiloxane–hydrocarbon, electron donor–elec-
tron acceptor, rigid–flexible, hydrocarbon–fluorocarbon, etc. are
possible and can be synthesized that may display unique
properties through self-organization. Non-conventional mesogens
bridge the gap between entirely different chemical or physical
properties. Their purification and characterization are simple, and
due to the restricted motion of their components they provide and
stabilize a variety of fluid phases with fascinating functions. Apart
from their prospective applications, they are crucial for the
theoretical understanding of the mesomorphic phenomenon. The
detailed study of novel non-conventional materials may result in
knowledge about novel liquid crystalline phases and deeper
insights into the driving forces of their self-organization. It is well

known that anisotropic molecular shape and space filling play
vital role in self-assembly of mesogens. However, nano-scale
segregation of irreconcilable molecular parts i.e. micro segregation
has also been realized to play an important role in mesogenic self-
assembly, resulting into new mesophase morphologies.1–5

Recently, a large range of different non-conventional LC
architectures have been prepared and explored in terms of LC
properties using different discotic cores like triphenylene based
trimers,6–8 dendrimers,9 oligomers,10 anthraquinone based tri-
mers,11 oligomers12–14 etc. Among them, perylene has received
significant level of scientific attraction because of its excellent
electronic absorption and fluorescence emission properties.
Perylene derivatives are capable materials for various opto-
electronic applications such as organic solar cells,15,16 light
emitting diodes (LEDs),17,18 field effect transistors19,20 etc.
Among the several structural variety of non-conventional meso-
gens reported, LC oligomers have drawn particular attention over
the last few years. Additionally, an oligomeric approach provides a
wide flexibility in molecular design towards multifunctional LCs.
However, compared to calamitic oligomers, a few numbers of
perylene oligomers are reported. For example, Kong et al. reported
a columnar mesophase in a triphenylene-perylene-triphenylene-
based trimer.7 Aggregation behaviour (solution and neat phase)
for perylene-triphenylene-based star shaped oligomer has been
investigated by Bagui et al.8,9 Some important examples of rod-like
non-conventional LCs include cyanobiphenyl-based symmetric
and non-symmetric dimers & trimers,21 tetramers containing one
triphenylene and three cyanobiphenyl,22,23 imidazolium-based
non-symmetric ionic dimer having one cyanobiphenyl and one
triphenylene,24 heptamer containing one anthraquinone sur-
rounded by six and eight cyanobiphenyl moieties,13,14 etc.
Similarly, cholesterol-based non-conventional LCs have been
widely investigated. Cholesteric, nematic and smectic phases have
been reported for cholesterol-cyanobiphenyl-based dimers.25

Donaldson et al. reported enantiotropic nematic, enantiotropic
chiral nematic, and monotropic chiral nematic phases in a
cyanobiphenyl-based symmetrical dimer, cyanobiphenyl-choles-
terol-based non-symmetrical dimer and cholesterol-based symme-
trical dimer respectively.26 Smectic, TGB and chiral nematic
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phases were observed in the case of cholesterol-cyanobiphenyl-
based non-symmetric dimer by Zhang et al.27

In this context we are interested in the design and synthesis of
novel functional discotic oligomeric materials and their meso-
phase behavior. Our molecular design is such that it contains
discotic perylene moiety at the center and the perylene has been
connected from four sides to four calamitic 4-cyanobiphenyl
moieties (PE-CB), cholesterol units (PE-Ch) and discotic tripheny-
lene core (PE-TP) via flexible methylene spacers in three different
oligomeric molecules (Scheme 1). For comparison, central
perylene core (PE-R) has also been linked to four branched
aliphatic chains. The study reported in this paper represents a
simple but useful advance in the design of a molecular system that
enables fundamental insights into unconventional structure-
mesophase morphology relationship. This study was motivated
by two goals. First, by changing the connection of structurally
different units i.e. cyanobiphenyl (CB) and cholesterol (Ch) around
the periphery of a perylene core (PE), we sought to provide insight
into structure–mesophase behaviour in the system. Additionally,
we sought to explore the possibility of hole and electron transport
properties by attaching electron rich TP and electron deficient PE
moieties. These molecular double-cables, owing to their incom-
mensurate core sizes, may stack one on top of the other in the
columns to give columnar versions of double cable polymers,
which could ultimately provide side-by-side percolation pathways
for electrons and holes in solar cells.

In recent years, liquid crystal display research is attributed to
the integration of efficient and compact LEDs as the backlighting.
It has been long back since the first LED based on silicon carbide
was discovered by O. V. Losev.28 Since then a large number of
LEDs like red LEDs,29 blue and ultraviolet LEDs30 as well as white
LEDs31 have become available for backlighting in LC display. Very
recently, the progress in group III-nitride LEDs were driven in
innovations to address the internal quantum efficiency and
efficiency droop32–36 and light extraction issues37,38 which resulted
in energy-efficient backlighting for LCD applications. These
perylene compounds can also serve as promising LED backlit
materials in LCD technology. Not only this, perylenes could be of
potential interest in showing biaxial nematic (Nb) phases. Classical
approaches to biaxial nematic thermotropic LC materials were
based on the design of molecules. Probably, mixing board-like

molecules i.e. perylenes with different size or aspect ratios could
reduce the formation of positionally ordered phases and might
lead to the Nb phase.39–45

Results and discussion

Synthesis

Target molecules 2a–2d were prepared applying a method already
described in literature with some modification in the synthetic
method.46,47 Although tetraesters of perylene has been synthesized
by various other methods also.48,49 These methods involve (a)
treatment of perylene-3,4,9,10-tetracarboxylic dianhydride with a
mixture of alkyl halide/alkyl tosylate and alkyl alcohol by refluxing
in presence of potassium carbonate for 2–7 days,47,48 (b) refluxing
a mixture of perylene-3,4,9,10-tetracarboxylic dianhydride, alcohol,
alkyl halide and 1,8-diazabicyclo[5.4.0]undec-7-ene (DBU) in
acetonitrile for overnight,50 (c) transesterification of tetramethyl
ester of perylene-3,4,9,10-tetracarboxylic acid with suitable alcohol
by boiling in presence of sodium alcoholate for 80 h,51 (d) another
track goes via hydrolysis of perylene-3,4,9,10-tetracarboxylic acid
dianhydride by refluxing it in aqueous potassium hydroxide
followed by acidification to pH 8–9 with aqueous dilute H2SO4 or
HCl to provide perylene-3,4,9,10-tetracarboxylic acid.47 This was
followed by in situ addition of alkyl bromide and tetraoctylammo-
nium bromide (TOAB) as phase transfer catalyst and refluxing the
mixture vigorously for 1–2 h.47 In our current case, we need to
attach mesogenic groups i.e. cyanobiphenyl, cholesterol or
triphenylene to the central perylene core. In order to apply
method (a) or method (b), we need to have both v-hydroxy and
v-bromo terminated precursors of cyanobiphenyl, cholesterol or
triphenylene, which will increase the number of steps in the
synthetic method. Again, overall reaction time in these two
methods varies between overnight to one week. The complicated
and time-consuming approach of conventional transesterification,
method (c), can be replaced by the simpler method (d). Another
benefit of method (d) is that we need to have only the v-bromo
terminated precursor in order to achieve the final tetraester. The
total time consumed in this pathway was not more than 5 h. All
the compounds were characterized by 1H NMR, 13C NMR, IR and
elemental analysis (See electronic supplementary information
(ESI3), Fig. S1–S12).

Thermal behaviour

The thermal behaviour of all target materials (TM) was
investigated by polarizing optical microscopy (POM) and differ-
ential scanning calorimetry (DSC). The transition temperature and
associated enthalpy data obtained from the heating and cooling
cycles of DSC (see ESI3 for details, Fig. S13–S16) or POM are
collected in Table 1. The peak temperatures are given in degree
Celsius and the numbers in parentheses indicate the transition
enthalpy (DH) in kJ mol21.

Compounds 2a, 2b and 2d were found to be LC glassy materials
in their neat form at room temperature. However, the cholesterol
derivative 2c was crystalline material at room temperature in its
virgin condition. Compound 2a (PE-CB) exhibited an enantiotropic
nematic phase. It showed an undefined mobile texture at room
temperature, which cleared at around 113 uC upon heating. On
cooling from isotropic liquid, under a microscope a typical

Scheme 1 Synthesis of perylene-based non-conventional LCs.
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schlieren texture of the nematic phase is displayed, as shown in
Fig. 1a. In DSC, it showed one endothermic transition at 105.3 uC
(mesophase to isotropic transition) in the first heating cycle and
one exothermic transition at 89.6 uC on first cooling. However, the
LC phase was stable up to room temperature on cooling.
Compound 2b, PE-TP derivative, exhibited characteristic mosaic
like texture corresponding to columnar phase at 101 uC on cooling
from isotropic phase (Fig. 1b). In DSC, it showed one endothermic
transitions at 103.9 uC in the first heating cycle that corresponds to
mesophase to isotropic transition temperature. The cholesterol
derivative, 2c, PE-Ch was found to be non-LC at room temperature.
However, it exhibited a monotropic nematic (N*) phase on
cooling. On first heating in DSC it showed a melting temperature
at around 169.5 uC. Before melting it displayed two low energy
crystal-to-crystal transitions at about 114.3 uC and 146.2 uC which
could be due to some conformational reorganization of molecules
by passing into different crystalline configurations. These transi-
tions in thermal analysis (DSC) arise from the different stability of
two crystalline polymorphs; evidence accompanying by polarizing
optical microscopic (POM) textures and powder X-ray diffraction
studies as observed in past studies.52,53 We also observed minor
structural changes at Cr–Cr transition temperatures of the
compounds reported here under POM and the samples remained
solid even after these transitions. On cooling, it (2c) showed a
transition in DSC centered at 135 uC, which was stable down to
room temperature. The chiral nematic phase was assigned on the

basis of the observation of fan texture when viewed through a
polarized light microscope: representative texture is shown as
Fig. 1c. The fan texture gave the characteristic Grandjean texture
upon shearing. The DSC thermogram of neat PE-R (2d) exhibited
one peak at around 150.2 uC on first heating which corresponds to
mesophase-to-isotropic phase transition. On cooling, the isotropic-
to-mesophase transition peak appeared at 147 uC (Fig. 1d). It is
noteworthy that the mesophase range of PE-TP is much higher
compared to that for hexaalkoxytriphenylene reported earlier.54

X-ray diffraction studies

In order to reveal the mesophase structure and hence the
supramolecular organization of these compounds, X-ray diffrac-
tion experiments were carried out using unoriented samples. X-ray
diffraction patterns for all perylene-based compounds were
recorded in the liquid crystalline phase while cooling from the
isotropic phase. The X-ray diffraction pattern of the mesophase
exhibited by cholesterol and cyanobiphenyl-based derivatives is
supportive of a nematic arrangement, while triphenylene and
aliphatic substituted compounds were found to demonstrate
hexagonal columnar arrangement of molecules within the liquid
crystalline phase.

In the N phase of compounds 2a and 2c two diffuse reflections
were observed in the wide and the small angle region. These
indicate the absence of any positional order in the mesophase and
thereby exclude the existence of smectic and columnar phase
structure of these oligomers, consistent with their microscopy
textures.

The broad small angle reflection for 2a showed a d-spacing of
16.57 Å (2h = 5.33) in the mesophase (at 80 uC, Fig. 2a). This
corresponds to the average length and diameter of the rod
(y24.4 Å) and discs (y7.6 Å), respectively, indicating a
molecularly mixed N phase (See ESI3, Fig. S18). Obviously, much
smaller reflection at small angle than that of the total length of the
hybrid confirms the compatibility (homogeneously mixed) of both
components (disc and rod) in the mesophase and no nanophase
segregation occurs between them. Similar diffraction pattern was

Table 1 Phase transition temperatures (peak, uC) and associated enthalpy
changes (kJ mol21, in parentheses) of novel perylene-based oligomersa

TM Heating scan Cooling scan

2a N 105.3 (5.54) I I 89.6 (2.87) N
2b Colh 103.9 (78.83) I bI 101 Colh

2c Cr 114.3 (22.43) Cr 146.2 (35.27)
Cr 169.5 (259.9) I

I 135 (31.8) N*

2d Colh 150.2 (6.23) I I 147 (0.4) Colh

a Phase assignments: Cr = crystal, N = nematic, N* = chiral nematic,
I = isotropic. b From POM.

Fig. 1 Optical photomicrograph of compounds (a) 2a (b) 2b (c) 2c and (d) 2d at 80
uC, 100 uC, 125 uC and 140 uC, respectively (on cooling, crossed polarizers, scale bar
10 mm).

Fig. 2 The intensity profile of the X-ray pattern exhibited by PE-CB (a), PE-Ch (b), PE-
TP (c), and PE-R (d) at 80 uC, 130 uC, 90 uC and 140 uC, respectively. See ESI3 (Fig. S17)
for X-ray diffractions pattern obtained at those temperatures.
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observed for certain mesogenic compounds having both rod and
disc like moieties. The small angle halos shift to 18.35 Å (2h = 4.82)
at 150 uC (Fig. 2b) in the N* phase of 2c (on cooling) which
corresponds to the average length of the cholesterol moiety
(y29.72 Å) and the discs (y7.6 Å) as expected. In all these two
cases (2a and 2c), we observed a very diffuse peak at around 4.44 Å
(2h = 19.79) and 4.92 Å (2h = 15.75), respectively, indicating liquid
like order. The X-ray patterns of PE-TP consisted of a diffuse
scattering halo in the wide-angle region, centered around 4.55 Å
(2h = 19.23), corresponding to the liquid-like order of the molten
aliphatic chains. In the small-angle region, two reflections (Fig. 2c)
were detected, with the reciprocal spacings in the ratios of 1 : 1/!3,
which were indexed as (10), (11), respectively. These reflections are
in good agreement with a hexagonal lattice. The intercolumnar
distances, a, calculated using the relation, a = d10/(cos 30u), where
d10 is the spacing corresponding to the strong peak in the small
angle region (d10 = 17.96 Å at 2h = 4.93), was found to be 20.7 Å.
This value is lower as compared to the diffraction data reported in
case of hexahexyloxytriphenylene (H6TP) and 3,4,9,10-tetra-(n-
decyloxy-carbonyl)-perylene reported earlier.47 It can be assumed
that columns are dominated by triphenylene disks rather than
perylene disks and these columns are arranged in hexagonal
pattern to construct the mesophase. This shrinkage of the
intercolumnar distance in the oligomers is expected upon
covalently linking the two molecules. X-ray diffraction pattern of
compound PE-R and its one-dimensional intensity vs. two theta
(2h) graph derived from the pattern are shown in the Fig. 2d. As
can be seen from the Fig. 2d, in the small angle region, four peaks,
one very strong and three weak reflections are seen whose
d-spacings are in the ratio 1 : 1/!3 : 1/!4 : 1/!7, consistent with a
two-dimensional hexagonal lattice. In the wide-angle region, a
diffuse reflection appears at 5.36 Å (2h = 16.79). This corresponds
to the liquid-like order of the aliphatic chains. The relatively
narrow peak at high angle region at 4.20 Å (2h = 21.25)
corresponds to the core-core separation (intracolumnar distance)
of the columns. Interestingly, we did not observe any distinct peak
that corresponds to the core-core separation of the compound PE-
TP. We hypothesized that the absence of the higher angle peak in
case of PE-TP could be due to non-existence of the periodicity
along the columns similar to those observed by other groups.55

The intercolumnar distances, a, calculated by using the relation a
= d10/(cos 30u), where d10 is the spacing corresponding to the
strongest peak in the small angle region (d10 = 20.56 Å at 2h =
4.29), was found to be 23.75 Å. All the features fit into the well-

known model for the Colh phase, in which the disc-like core of the
molecules stack one on top of the other to form columns
surrounded by alkyl chains and these columns in turn arrange
themselves in a two-dimensional hexagonal lattice.

Absorption and fluorescence spectra

These compounds showed yellow-green fluorescence in solution
even under daylight condition. No noticeable difference was
witnessed for the spectral properties in solution among these
perylene-based compounds indicating that the attachment of
various moieties around perylene core does not affect their
spectral behaviour in solution. Fig. 3 displays the typical
absorption and fluorescence spectra of perylene-based hybrids
(PE-TP, PE-CB, PE-R and PE-Ch) in 15 mM CHCl3 solution. In all
cases, the absorption bands show three peaks (including a
shoulder peak at low wavelength) whereas fluorescence spectrum
exhibits two peaks, characteristic of perylene core.

The absorption and fluorescence peaks have been documented
in Table 2. The absorption spectrum of PE-TP has two peaks at 442
and 472 nm and one shoulder at 416 nm, while the fluorescence
peaks appear at 488 and 520 nm. The spectra of other perylene-
based compounds were similar (See ESI3, Fig. S19).

In order to understand the changes in the nanoenvironment of
the perylene-based hybrid fluorophores and their ordered
molecular system, fluorescence lifetime and steady state aniso-
tropy measurements were performed in dilute solution (Table 3,
15 mM in CHCl3). Interestingly, except PE-TP, the measured life
time in all other hybrids is close to 4 ns whereas, measured life
time value reported for perylene is 5.2 ns in ethanol solution.56

The observed decrease in the fluorescence life time could be due
to higher non-radiative rate involved in the processes due to a
change of size and shape of the hybrid molecules and thus
molecular interactions. Surprisingly, among all these perylene
hybrids reported in this paper, we noted a high value of
fluorescence anisotropy and shortest fluorescence lifetime in case
of PE-TP. We hypothesized that bulky triphenylene units attached

Fig. 3 (a) UV/vis absorption spectra of PE-CB, PE-R, PE-Ch and PE-TP in CHCl3. (b)
Representative fluorescence spectra of PE-CB in CHCl3.

Table 2 Absorption and fluorescence data’s of novel perylene-based oligomersa

TM Absorption peaks (nm) Fluorescence peaks (nm)

2a 442, 472, 416 488, 519
2b 442, 472, 416 489, 521
2c 442, 472, 416 488, 520
2d 442, 472, 418 489, 519

a measured in CHCl3 solvent.

Table 3 Fluorescence life time (measured life time) and steady state anisotropy
data’s of novel perylene-based oligomers

TM Cav (ns) Steady state anisotropy

2a 4.01 0.057
2b 2.17 0.149
2c 4.18 0.061
2d 4.04 0.031

This journal is � The Royal Society of Chemistry 2013 RSC Adv., 2013, 3, 12060–12065 | 12063
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to perylene core resulted in restricted molecular motion of the
hybrid and thus increased fluorescence anisotropy. The lower
anisotropy observed for PE-R (r = 0.031) could be due to higher
rotational diffusion (because of less rigid molecular environment)
that may occur during the lifetime of the excited state and
displaces the emission dipole of the fluorophore.

Conclusions

In conclusion, a novel series of disc-rod oligomers have been
synthesized for the first time consisting of a perylene core attached
to which are four 4-cyanobiphenyl, triphenylene and cholesteryl
units via flexible alkyl spacers. Whereas, attachment of CB and Ch
units to the PE core leads to the formation of N and N* phase,
respectively, TP and simple alkyl chain resulted a regular
hexagonal mesophase. We have demonstrated that the combina-
tion of rod and disc-like moieties in the PE-CB and PE-Ch series
has sufficiently perturbed the molecular shape to yield calamitic
mesophases. Although biaxiality is likely to be seen at small length
scales, as a result of large aspect ratios between two components,
there is no direct evidence for the formation of biaxial N phase in
our study. In addition, we have shown that all the hybrid materials
exhibit excellent fluorescence emission properties making them
suitable for various opto-electronic applications. Such materials
combine an exceptionally high degree of self-organization at the
nanometer scale with the advantages that LCs provide.

Acknowledgements

This work was carried out with the financial support from
IISER Mohali and Department of Science and Technology, Key
Project DST-12-0035 ‘‘Liquid Crystal Nanocrystal-A new
resource of functional soft materials for nanosciences’’. We
are grateful to NMR research facility at IISER Mohali for
recording NMR spectrum. We sincerely thank Ms. Shruti Arya
and Dr Samrat Mukhopadhyay for helping with fluorescence
measurements. S. Setia and S. Sidiq acknowledge the receipt of
a graduate fellowship from CSIR-NET and UGC-NET, respec-
tively.

References

1 C. Tschierske, J. Mater. Chem., 1998, 8, 1485.
2 G. Stebani, G. Lattermann, M. Wittenberg and J. H. Wendorff,

J. Mater. Chem., 1997, 7, 607.
3 C. Tschierske, Annu. Rep. Prog. Chem., Sect. C, 2001, 97, 191.
4 C. Tschierske, J. Mater. Chem., 2001, 11, 2647.
5 A. Pegenau, T. Hegmann, C. Tschierske and S. Diele, Chem.–

Eur. J., 1999, 5, 1643.
6 C. Zhang, Z. He, J. Wang, Y. Wang and S. Ye, J. Mol. Liq., 2008,

138, 93.
7 X. Kong, Z. He, Y. Zhang, L. Mu, C. Liang, B. Chen, X. Jing and

A. N. Cammidge, Org. Lett., 2011, 13, 764.
8 M. Bagui, T. Dutta, H. Zhong, S. Li and S. Chakraborty,

Tetrahedron, 2012, 68, 2806.
9 M. Bagui, T. Dutta, S. Chakraborty, J. S. Melinger, H. Zhong,

A. Keightley and Z. Peng, J. Phys. Chem. A, 2011, 115, 1579.
10 Y.-F. Bai, K.-Q. Zhao, P. Hu, B.-Q. Wang and C. Redshaw, Curr.

Org. Chem., 2013, 17, 871.

11 S. K. Gupta, V. A. Raghunathan and S. Kumar, New J. Chem.,
2009, 33, 112.

12 H. K. Bisoyi and S. Kumar, Tetrahedron Lett., 2008, 49, 3628.
13 S. K. Pal, S. Kumar and J. Seth, Liq. Cryst., 2008, 35, 521.
14 S. Setia, S. Sidiq and S. K. Pal, Tetrahedron Lett., 2012, 53, 6446.
15 G. Griffini, L. Brambilla, M. Levi, M. D. Zoppo and S. Turri, Dyes

Pigm., 2013, 111, 41.
16 X.-L. Zhang, J.-F. Song, X.-B. Li, J. Feng and H.-B. Sun, Org.

Electron., 2013, 14, 1577.
17 X. Chu, M. Guan, Y. Zhang, Y. Y. Li, X. F. Liu and Y. Zeng, RSC

Adv., 2013, 3, 9509.
18 M. Mosca, R. Macaluso, E. Feltin and C. Calii, Electron. Lett.,

2012, 48, 1417.
19 A. Ringk, W. S. C. Roelofs, E. C. P. Smits, C. Van der Marel,

I. Salzmann, A. Neuhold, G. H. Gelinck, R. Resel, D. M. de
Leeuw and P. Strohriegl, Org. Electron., 2013, 14, 1297.

20 S. R. Puniredd, A. Kiersnowski, G. Battagliarin,
W. Zajaczkowski, W. W. H. Wong, N. Kirby, K. Mullen and
W. Pisula, J. Mater. Chem. B, 2013, 1, 2433.

21 C. T. Imrie, P. A. Henderson and G.-Y. Yeap, Liq. Cryst., 2009,
36, 755.

22 P. H. J. Kouwer, J. Pourzand and G. H. Mehl, Chem. Commun.,
2004, 66.

23 C. Zhang, Z. He, J. Wang, Y. Wang and S. Ye, J. Mol. Liq., 2008,
138, 93.

24 S. K. Pal and S. Kumar, Tetrahedron Lett., 2006, 47, 8993.
25 A. Marcelis, A. Koudijs, Z. Karczmarzyk and E. Sudhölter, Liq.

Cryst., 2003, 30, 1357.
26 T. Donaldson, H. Staesche, Z. B. Lu, P. A. Henderson, M.

F. Achard and C. T. Imrie, Liq. Cryst., 2010, 37, 1097.
27 H. Q. Zhang, W. K. Liu, L. C. Zhao, Z. H. Cheng, S. Zhang, Y. Li

and H. Yang, Chin. Chem. Lett., 2009, 20, 1077.
28 N. Zheludev, Nat. Photonics, 2007, 1, 189.
29 C.-T. Chen, Chem. Mater., 2004, 16, 4389.
30 S. P. DenBaars, D. Feezell, K. Kelchner, S. Pimputkar, C.-C. Pan,

C.-C. Yen, S. Tanaka, Y. Zhao, N. Pfaff, R. Farrell, M. Iza,
S. Keller, U. Mishra, J. S. Speck and S. Nakamura, Acta Mater.,
2013, 61, 945.

31 M. C. Gather, A. Kohnen and K. Meerholz, Adv. Mater., 2011, 23,
233.

32 D. F. Feezell, J. S. Speck, S. P. DenBaars and S. Nakamura, J.
Disp. Technol., 2013, 9, 190.

33 C.-K. Tan, J. Zhang, X.-H. Li, G. Liu, B. O. Tayo and N. Tansu, J.
Disp. Technol., 2013, 9, 272.

34 H. P. Zhao, G. Y. Liu, J. D. Poplawsky, V. Dierolf and N. Tansu,
Opt. Express, 2011, 19, A991.

35 G. Liu, J. Zhang, C.-K. Tan and N. Tansu, IEEE Photonics J., 2013,
5, 2201011.

36 J. Zhang and N. Tansu, IEEE Photonics J., 2013, 5, 2600111.
37 P. Zhu, G. Liu, J. Zhang and N. Tansu, J. Disp. Technol., 2013, 9,

317.
38 E. Matioli, S. Brinkley, K. M. Kelchner, Y.-L. Hu, S. Nakamura,

S. Denbaars, J. Speck and C. Weisbuch, Light: Sci. Appl., 2012, 1,
e22.

39 R. Alben, Phys. Rev. Lett., 1973, 30, 778.
40 R. Alben, J. Chem. Phys., 1973, 59, 4299.
41 J. P. Straley, Phys. Rev. A: At., Mol., Opt. Phys., 1974, 10, 1881.
42 F. Wurthner, Chem. Commun., 2004, 1564.
43 A. G. Vanakaras, M. A. Bates and D. J. Photinos, Phys. Chem.

Chem. Phys., 2003, 5, 3700.

12064 | RSC Adv., 2013, 3, 12060–12065 This journal is � The Royal Society of Chemistry 2013

Communication RSC Advances

Pu
bl

is
he

d 
on

 0
3 

Ju
ne

 2
01

3.
 D

ow
nl

oa
de

d 
by

 I
nd

ia
n 

In
st

itu
te

 o
f 

Sc
ie

nc
e 

on
 0

3/
09

/2
01

4 
12

:5
2:

18
. 

View Article Online

http://dx.doi.org/10.1039/c3ra41186a


44 Y. M. Raton, S. Varga and E. Velasco, Phys. Rev. E: Stat.,
Nonlinear, Soft Matter Phys., 2008, 78, 031705.

45 C. Tschierske and D. J. Photinos, J. Mater. Chem., 2010, 20,
4263.

46 X. Mo, H.-Z. Chen, M.-M. Shi and M. Wang, Chem. Phys. Lett.,
2006, 417, 457.

47 X. Mo, M.-M. Shi, J. C. Huang, M. Wang and H. Z. Chen, Dyes
Pigm., 2008, 76, 236.

48 S. Benning, H.-S. Kitzerow, H. Bock and M.-F. Achard, Liq.
Cryst., 2000, 27, 901.

49 T. Hassheider, S. A. Benning, H.-S. Kitzerow, M.-F. Achard and
H. Bock, Angew. Chem., Int. Ed., 2001, 40, 2060.

50 S. Alibert-Fouet, I. Seguy, J.-F. Bobo, P. Destruel and H. Bock,
Chem.–Eur. J., 2007, 13, 1746.

51 R. Stolarski, Dyes Pigm., 1994, 24, 295.
52 L. Johnson, B. Ringstrand and P. Kaszynski, Liq. Cryst., 2009,

36, 179.
53 A. R. Choudhury, K. Nagarajan and T. N. Guru Row,

CrystEngComm, 2006, 8, 482.
54 S. Kumar, Liq. Cryst., 2004, 31, 1037.
55 C. K. Lai, C.-H. Tsai and Y.-S. Pang, J. Mater. Chem., 1998, 8,

1355.
56 L. B.-Å. Johansson, Spectrochimica Acta A, 1991, 47, 857.

This journal is � The Royal Society of Chemistry 2013 RSC Adv., 2013, 3, 12060–12065 | 12065

RSC Advances Communication

Pu
bl

is
he

d 
on

 0
3 

Ju
ne

 2
01

3.
 D

ow
nl

oa
de

d 
by

 I
nd

ia
n 

In
st

itu
te

 o
f 

Sc
ie

nc
e 

on
 0

3/
09

/2
01

4 
12

:5
2:

18
. 

View Article Online

http://dx.doi.org/10.1039/c3ra41186a

