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We report on the optical properties of polystyrene opals infiltrated with solutions of ad hoc synthesized
heteroaromatic quadrupolar dyes endowed with strong nonlinear optical properties (two-photon absorption).
Transmittance spectroscopy of opals infiltrated with dye water solutions shows both a bathochromic shift and
a reduced width of the photonic crystal stop band. Moreover, variable angle transmittance spectra highlight
the high energy dispersion of the stop band upon increasing the incidence angle. Photoluminescence spectra
recorded at different emission angles with respect to the normal of the sample for such infiltrated opals show
that the emission spectrum is strongly modified at the stop band according to the opal dispersion properties.
A careful comparison of the intensity and spectral properties of photoluminescence in opals possessing a
properly tuned photonic stop band is reported and discussed. Two different effects are observed: when
concentrated solutions are used, emitted light filtering due to the photonic stop band is observed. On the
other hand, by properly reducing solution self-absorption, directional enhancement of emission in the high
energy side of the stop band is observed. Physical mechanisms responsible for this phenomenon are discussed.

1. Introduction

Among photonic crystals (PhC), i.e., materials possessing a
periodic modulation of the dielectric constant on a length scale
comparable to the wavelength of visible light,1,2 artificial opals
are a simple, cheap, and interesting playground to investigate
optical effects on this class of nanostructured materials. Despite
the fact that opals do not show a complete photonic band gap
(PBG) but only a pseudogap (stop band),3 their versatility allows
interesting structures to be obtained. As a matter of fact, they
can be employed as templates to prepare inverse opals (which
instead might have a complete PBG4), they can be engineered
with structural defects,5 and they can also be infiltrated with a
variety of materials ranging from metals to organic semiconduc-
tors.6 A large amount of work on opal infiltration has been done
in the last years (see, for instance, the review in ref 6), and the
proper choice of the infiltrating material allows the optical
properties of the PhC to be tailored for selected applications.
Among all possible materials used for opal infiltration, we
focused our interest on molecular semiconductors, whose optical
and electronic properties can be chemically tailored for specific
functions. Opals infiltrated with highly efficient nonlinear

molecular emitters showed unusual effects on two-photon
excited emission spectra when the chromophore emission was
properly tuned within the stop band of the opal.7 Moreover, a
dramatic enhancement of the third harmonic generation ef-
ficiency was observed when phase matching conditions were
provided by the periodical structure of the opal photonic crystal.8

Artificial opals infiltrated with π-conjugated polymers exhibit
random lasing action. With such a system, simultaneous laser
emission of different colors has also been demonstrated.9,10

Photonic crystal polaritons have also been observed in opals
possessing the stop band properly tuned with the sharp and
strong absorption of excitons both in molecular J-aggregates11

or pervoskites.12 Moreover, energy transfer, emission enhance-
ment, and other fine effects caused by the photonic structure
on the emission properties of dye or quantum dots have also
been reported.13–28 In general, we notice that the dyes used in
those papers are either commercially available species with the
absence of engineered properties or well-known systems used
to probe a specific optical effect. Not much effort has been so
far dedicated to investigating and to characterizing novel dyes
with peculiar and tailored properties when infiltrated inside a
photonic crystal structure.

In this work, we report on the results of a wide spectroscopic
characterization of opal infiltrated with solutions of quadrupolar
dyes derived from PEPEP molecule (dye 1 in Figure 1). The
reason for our interest in PEPEP derivatives is related to their
large two-photon absorption (TPA) properties.29 The two-photon
absorption phenomenon has been used in conventional and
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emerging photonic and biomedical technologies30 such as two-
photon laser scanning fluorescence microscopy31–33 and ion
sensing,34 photodynamic therapy,35–37 optical limiting,38,39 ho-
lographic recording and photorefractive effect,40 microfabrica-
tion,41 telecommunications,42 and upconverted lasing.43–45

These nonlinear optical properties stem from the A-π-D-π-A
general quadrupolar framework of the PEPEP molecule, where
A is a pyridinium π-deficient heteroaromatic ring (electron
acceptor) and D a π-excessive pyrrolyl moiety (electron donor)
connected through a π-conjugated segment. The fluorescence
quantum yield is 0.14 and the TPA cross section (σTPA) at 790
nm was measured to be 119 GM (Z-scan measurements, 150 fs
pulses). More recently, two-photon induced fluorescence studies
have shown σTPA values in the 100-800 GM range, with a
maximum at about 820 nm.29 These properties make PEPEP
derivatives very interesting for PhC applications. However,
before investigating the nonlinear optical properties of these dyes
infiltrated in PhC, a linear optical characterization is a prereq-
uisite to check chemical compatibility and basic physical
properties.

In order to obtain polystyrene opals infiltrated with the
heteroaromatic TPA quadrupolar dye 1, solutions of the chro-
mophore in water or other nonsolvents for polystyrene need to
be used. We have therefore envisaged the new PEPEP deriva-
tives 2 (monoTEG-PEPEP) and 3 (bisTEG-PEPEP) where one
and two tris(ethylene glycol) monomethyl ether (TEG) chains,
respectively, were introduced onto the terminal pyridinium
moieties in order to impart solubility in hydrophilic and other
polar solvents (Figure 1).

Preliminary data have shown that infiltration of polystyrene
opals with solutions of dyes 2 and 3 in water is possible.47 Here,
we extend the investigation to the dispersion properties of
photoluminescence spectra as well as to the effect of photonic
band structure on spectral redistribution of emission intensity.
To this end, different PL intensity references are used. Moreover,
the role of solution concentration on PL self-absorption and PL
directional enhancement is discussed.

2. Experimental Section

2.1. Chromophores Synthesis. 1H and 13C NMR spectra
were recorded using a Bruker AMX-500 spectrometer operating
at 500 and 125.70 MHz, respectively. Coupling constants are
presented in hertz. Microwave irradiated reactions were per-
formed with a CEM Discover Labmate reactor. Reagents and
solvents were supplied by Aldrich. Dry acetone was stored over
CaCl2.

MonoTEG-PEPEP (2). A solution of 4 (0.280 g, 0.620
mmol) and TEG p-toluenesulfonate (TEG tosylate, TEG-OTs)
(0.200 g, 0.628 mmol) in dry acetone (4 mL) was irradiated at
a constant power of 90 W in a microwave reactor for 3 h. After
cooling to room temperature, the dark precipitate was isolated
by filtration and washed with cold acetone and toluene to afford
the product 2 (0.455 g, 0.591 mmol, 94%). 1H NMR (DMSO-
d6): δ 8.79 (2H, d, J ) 6.9), 8.76 (2H, d, J ) 6.9), 8.20 (2H, d,
J ) 6.8), 8.18 (2H, d, J ) 6.8), 8.03 (1H, d, J ) 15.8), 8.02
(1H, d, J ) 15.8), 7.49 (2H, d, J ) 8.0), 7.32 (1H, d, J ) 15.8),
7.31 (1H, d, J ) 15.8), 7.15-7.09 (4H, m), 4.64 (2H, t, J )
4.7), 4.22 (3H, s), 3.97 (3H, s), 3.90 (2H, t, J ) 4.9), 3.59-3.54
(2H, m), 3.50-3.44 (4H, m), 3.43-3.38 (2H, m), 3.23 (3H, s),
2.29 (3H, s). 13C NMR (DMSO-d6): δ 153.5 (C), 152.9 (C),
146.4 (C), 145.0 (2C, CH), 144.6 (2C, CH), 138.0 (C), 136.2
(C), 136.0 (C), 128.9 (CH), 128.5 (CH), 128.5 (2C, CH), 125.9
(2C, CH), 123.2 (2C, CH), 123.1 (2C, CH), 121.8 (CH), 121.6
(CH), 114.1 (CH), 114.0 (CH), 71.7 (CH2), 70.2 (CH2), 70.0
(2C, CH2), 69.2 (CH2), 59.4 (CH2), 58.6 (CH3), 47.0 (CH3),
31.3 (CH3), 21.2 (CH3). HRMS-ESI: m/z calcd for [M-CF3SO3-
TsO]2+ 449.26674/2 ) 224.63337, found 224.63332; calcd for
[M-TsO]+ 598.21932, found 598.21940.

BisTEG-PEPEP (3). A solution of 524 (0.050 g, 0.174 mmol)
and TEG-OTs (0.450 g, 1.41 mmol) in dry acetone (6 mL) was
irradiated at a constant power of 100 W in a microwave reactor
for 3 h. Toluene (4 mL) was added, and the obtained dark
precipitate was isolated and washed several times with toluene
and petroleum ether. Crystallization from acetone afforded the
pure product as a dark purple solid (0.119 g, 0.129 mmol, 74%).
1H NMR (DMSO-d6): δ 8.78 (4H, d, J ) 6.6), 8.20 (4H, d,
J ) 6.6), 8.04 (2H, d, J ) 15.8), 7.50 (4H, d, J ) 7.9), 7.33
(2H, d, J ) 15.8), 7.14 (2H, s), 7.12 (4H, d, J ) 7.9), 4.64
(4H, t, J ) 4.4), 3.97 (3H, s), 3.90 (4H, t, J ) 4.2), 3.57 (4H,
t, J ) 4.0), 3.50-3.43 (8H, m), 3.43-3.38 (4H, m), 3.23 (6H,
s), 2.28 (6H, s). 13C NMR (DMSO-d6): δ 153.5 (2C, C), 146.3
(2C, C), 144.6 (4C, CH), 138.0 (2C, C), 136.2 (2C, C), 128.9
(2C, CH), 128.5 (4C, CH), 126.0 (4C, CH), 123.1 (4C, CH),
121.7 (2C, CH), 114.2(2C, CH), 71.7 (2C, CH2), 70.2 (2C, CH2),
70.0 (4C, CH2), 69.2 (2C, CH2), 59.4 (2C, CH2), 58.5 (2C, CH3),
31.4 (CH3), 21.2 (2C, CH3). HRMS-ESI: m/z calcd for
[M-2TsO]2+ 581.34539/2 ) 290.67269, found 290.67235.

2.2. Opals and Chromophore Infiltrated Opals. Com-
mercial polystyrene monodisperse microsphere (diameter a )
222, 240, 260, and 300 nm; refractive index nPS ) 1.59; standard
deviation <5%) water suspensions, 10% in volume (Duke
Scientific), were used for opal preparation. In order to have a
suitable sample thickness (d), we properly diluted these suspen-
sions with deionized water and then we grew opal films by using
the meniscus technique. Growth occurred at 45 ( 1 °C inside
a BF53 Binder incubator. Opals were composed of flat domains
with the [111] direction of the face centered cubic lattice of
spheres perpendicular to the substrate. In better samples used
for this work, domain sizes are 50-100 µm. However, defects
inside these domains cannot be excluded. Further details
including scanning electron images of similar samples can be
found in refs 48–52.

Glass substrates coated with opal films having an area of
∼7 × 7 mm2 were sandwiched to an optical glass window
through a spacer, thus forming a cell which was filled with water
dye solutions. The spacer thickness was adjusted to be as similar
as possible to the opal thickness in order to remove effects from
free solution. In a few seconds, the solution spontaneously
infiltrated the interstices between the microspheres. We used
samples having different thicknesses; only for thinner ones it

Figure 1. Chemical structure of PEPEP (1), monoTEG-PEPEP (2),
and bisTEG-PEPEP (3).
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was possible to estimate d from the interference fringes in optical
spectra (more than 6 µm thick; see Table 1 for details). Sample
uniformity is quite good as determined by the reduced standard
deviation of the stop band position in the optical data (Table
1). We tested 16 cells with 260 nm opals; 2 cells for 222 nm
opals, 2 cells for 240 nm opals, and 2 cells for 300 nm opals
were used as references.

2.3. Spectroscopy. Transmittance (T) and photoluminescence
(PL) spectra were measured with optical setups based on an
Avantes 2048 compact fiber optic spectrometer working in the
range 250-1100 nm with a resolution of ∼1.5 nm. The sample
was mounted on a rotating stage allowing for T measurements
at different incidence angles (θ) in the range 0-60°. The
collimated white light probing beam has a diameter of 0.5 mm.
All PL measurements were performed in backscattering geom-
etry with the same setup recording emitted light coming out
from the substrate side. This configuration prevents possible
emission from molecules lying on the opal surface. For angle
resolved PL measurements, the collection optics was kept fixed,
whereas the sample was rotated an angle θ′ with respect to it.
The excitation for PL spectra was provided by a 405 nm Oxxius
(model 405-50-COL-PP) laser diode having 50 mW as a
maximum power. The collimated laser beam, 2 mm diameter,
excites the sample with an estimated power of <10 mW. The
incidence angle with respect to the optical system axis is fixed
to about 30°. Then, the absolute intensity of the exciting beam
depends on the rotating angle. However, since reference spectra
are collected with the same setup in the same conditions, these
effects cancel out during normalization. The numerical aperture
of the collecting optics can be estimated by the iris diaphragm
in front of the collecting lens (0.5-5 mm) and the distance
between the sample and lens (50 mm) as NA ∼ 1/(2Fnumber) )
0.005-0.05. Light from the iris is then focused on an optical
fiber (diameter 600 µm, NA ) 0.2) and goes directly to the
spectrophotometer having a 25 µm wide entrance slit. A scheme
of the optical setup is available online as Supporting Information.

Particular care was paid in order to evaluate the angular-
dependent PL enhancement. Solution infiltrated opals having a
stop band fully detuned with respect to bisTEG-PEPEP pho-
toluminescence (PL) spectra were used as a reference in order
to reveal angular-dependent intensity enhancement effects.
Notice that free solutions are not suitable for comparison of
the absolute PL intensity, since light extraction from the cells

is governed by the refractive index variation at the infiltrated
opal/glass interface which is noticeably different from that found
at the free solution/glass interface.

3. Results and Discussion

3.1. Synthesis and Linear Optical Properties of Hydro-
philic Quadrupolar Chromophores. The two hydrophilic dyes
2 and 3 were synthesized according to Scheme 1. The monoTEG
derivative 2 was obtained in 94% yield by alkylation of the
monopyridinium precursor 453,54 with TEG-OTs55 in acetone in
a microwave reactor. The same reaction can be carried out in
CH3CN in good yields (85%), but in this case, the isolation of
the product is harder due to its large solubility in the reaction
solvent. It is worth noting that the same reaction in acetone or
CH3CN at reflux without the use of the microwave irradiation
did not lead to any formation of the product. The bisTEG
derivative 3 was obtained in good yields (74%) in a similar
manner by alkylation of the bidentate precursor 554 with TEG-
OTs in a microwave reactor.

As expected, the absorption spectra of the hydrosoluble dyes
2 and 3 are similar to that of the parent chromophore 1 in DMSO
solution. The absorption and emission maxima of 1 in DMSO
are 524 and 620 nm, respectively.29,46 BisTEG-PEPEP shows
an absorption peak at 526 nm in DMSO while PL maximum is
slightly shifted to 609 nm, independently of the excitation
wavelength (λexc ) 405, 470, and 525 nm).47 When the
derivative 3 is dissolved in water, that is, the solvent used for
opal infiltration, a more significant variation is observed with
absorption and emission peaks at 507 and 598 nm, respectively
(Figure 2).

TABLE 1: Sphere Diameter, Interplanar Spacing along the 111 direction (D), Stop Band Position (EB), Standard Deviation of
EB, Stop Band Full Width at Half-Maximum (∆EB), Its Standard Deviation, ∆EB/EB, LB, Opal Thickness (d), and
Correspondent Number of Sphere Layers for Bare and Infiltrated Opals Used in This Work as Determined by Transmittance
and Reflectance Spectraa

sphere diameter (nm) D (nm) EB (cm-1) σ(EB) ∆EB (cm-1) σ(∆EB) ∆EB/EB LB (µm) d (µm) layers

〈R〉 bare 222 181.26 19667.70 62.9 1355.80 11.46 0.07 1.7
〈T〉 bare 222 181.26 19739.40 2127.50 0.11 1.1
〈T〉 infiltrated 222 181.26 18698.60
〈R〉 bare 240 195.96 17771.31 293.3 1125.34 101.50 0.06 2.0
〈T〉 bare 240 195.96 17787.30 1698.90 0.10 1.3
T infiltrated 240 195.96 17088.20 348.00 0.02 6.1 6.3 32
〈R〉 bare 260 212.29 17236.95 6.3 1157.20 13.86 0.07 2.0
〈T〉 bare 260 212.29 17021.30 1358.80 0.08 1.7
T infiltrated 1 260 212.29 15918.50 668.90 0.04 3.2 5.7 27
T infiltrated 2 260 212.29 16041.02 690.43 0.04 3.1 8.2 38
〈R〉 bare 300 244.95 14833.96 71.4 943.70 30.62 0.06 2.5
〈T〉 bare 300 244.95 14768.87 1302.50 0.09 1.8
T infiltrated 1 300 244.95 13706.10 657.50 0.05 3.3 12.5 51
T new infiltrated 2 300 244.95 13942.38 588.74 0.04 3.7 8.4 34

a For bare opals, we report the average data from R and T spectra. For infiltrated samples, we report (when possible) data for samples whose
opal thickness was determined.

SCHEME 1: Synthesis of monoTEG-PEPEP and
bisTEG-PEPEP
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3.2. Optical Properties of Bare and Infiltrated Opals. We
succeeded in opal infiltration with both dyes 2 and 3. However,
only data relative to dye 3 are here presented and discussed,
since the presence of two hydrophilic TEG chains in place of
one makes its solubility in water superior. No significant
differences in the optical properties of opals infiltrated with
solutions of the two molecules are observed.

Transmission spectra at normal incidence for bare and dye 3
solutions (1.4 × 10-3 M) infiltrated opals made by spheres
having different diameters are shown in Figure 3. These spectra
are compared to those for bare opals as well as to photolumi-
nescence spectra of bisTEG-PEPEP water solutions. The sphere
diameter determines the length of the face centered cubic cell
(l ) a(2)0.5) and the spacing between sphere layers (D ) a(2/
3)0.5) and, consequently, the spectral position of the stop band.
This simple example of the scaling laws of photonic crystals56

allows one to tune the stop band across the photoluminescence
spectrum of the dye. Bare (infiltrated) opals show a stop band
minimum in the transmission spectrum at 500 (534), 560 (585),
588 (627), and 676 nm (730 nm) for microsphere diameters of
222, 240, 260, and 300 nm, respectively. Different shifts
observed for opals having different l are likely due to the
different overlap degree between the PC stop band and the
bisTEG-PEPEP absorption band, which modifies the line shape
of the spectra. The bathochromic shift of the stop band upon
infiltration is due to the correspondent reduction of the dielectric
contrast between the media composing the photonic crystal
(water/polystyrene rather than air/polystyrene), as already
quantitatively demonstrated in gold nanoparticle doped opals.49–51

The same effect explains the observed reduction of the full width
at half-maximum of the stop band upon infiltration.49,50,57

The energy position of the stop band (EB) as well as its full
width at half-maximum (∆EB) and their standard deviations are
reported and compared in Table 1 for bare and infiltrated opals,
as determined from reflectance and transmittance spectra. These
data allow also one to calculate the Bragg length (LB)

where D is the interplanar spacing in the [111] direction. LB

represents the attenuation per unit length of a transmitted wave
in a photonic crystal for frequencies within the stop band. It is
usually determined by measuring the transmitted light intensity
attenuation in samples having different thicknesses.14,58 A more
sophisticated technique, coherent backscattering, provides more
precise (almost 3 times) determination.59 In our case, we can
only use eq 1, being aware of its limits60 but also of the

reasonable optical quality of our bare opals testified by the
reduced broadening in reflectance spectra. Indeed, for our opals
∆EB/EB ) 0.06-0.07 (see Table 1), while for so far mentioned
papers its value is about 0.09. Notice also that for solution
infiltrated opals ∆EB/EB is even further decreased (0.02-0.05).
We also notice that, in all cases, LB < d, thus indicating that
light propagating inside the stop band is attenuated by coherent
Bragg scattering (even though we cannot exclude a contribution
from lambertian emission driven by defects). A confirmation
that our opal films are thick enough to demonstrate fully
developed photonic crystal properties can be obtained in the
literature where it is demonstrated that, for about 20 layers of
opals, the photonic properties are very close to those of a bulk
sample.3,61 Notice that our opals are more than 27 layers thick.
All of these data indicate that our PhCs possess a suitable optical
quality for the study we are performing.

The absorption spectrum of the dye in solution is also
observed in spectra reported in Figure 3. The different intensities
of this absorption for different opals are related to the different
sample thicknesses.

An additional broad feature is observed at 440 nm for 300
nm bare opals. This is likely due to the same effect observed in
bare opals and assigned to light diffraction along directions
different from the (1,1,1) one. These features correspond to the
excitation of photonic modes in the crystal having much higher
energy than the stop band for low incidence angles.48

From the data shown in Figure 3, we observe that the degree
of overlap between the stop band of infiltrated opals and the
PL spectrum depends on the microsphere diameter. For 300
(222) nm opals, the stop band occurs in the low (high) energy
tail of the PL spectrum. In contrast, very good overlap is
obtained for 240 and 260 nm opals. However, since the stop
band is expected to move toward higher energies by varying
the collection angle, 260 nm opals allow for better matching
the two spectra for all investigated angles. It should also be
noted that for the 300 nm opal the stop band could overlap the
PL spectrum only for very high collection angles, while for the
222 nm opal the overlap would be fully inhibited. However,
we will show the importance of the study of emission spectra
from all such opals in order to normalize the absolute value of
the PL intensity (Vide infra) and then to evaluate the presence
of enhancement and suppression effects as a function of the
emission angle.

Figure 4a shows the typical T spectra recorded at different
incidence angle (θ) for a 260 nm opal infiltrated with a 1.4 ×
10-3 M bisTEG-PEPEP water solution. The transmission dip
associated with the stop band is observed at 627 nm at normal
incidence and then shifts toward shorter wavelengths upon
increasing θ. At about θ ) 30°, for this microsphere diameter,
the stop band merges with the absorption of the dye, thus making
the determination of its spectral position difficult. This effect
depends on the dye concentration and cell thickness and can
be more or less intense for different samples. Finally, it should
be noted that the dye absorption is independent of the inci-
dence angle, as expected. When more diluted solutions are used
(3.5 × 10-4 M), the relative weight of the stop band is increased
with respect to dye absorption, thus allowing the stop band
dispersion to be better investigated (Figure 4b).

Dispersion properties of transmittance spectra have been
measured for all cells prepared with opals having microspheres
of different diameters and solutions of different concentrations.
In Figure 4c, we report the typical dispersion of the stop band
of such cells. For 300 nm opal cells, the stop band minimum
can be easily recognized and even at the higher incidence angles

Figure 2. Absorption and PL spectra of chromophore 3 in water.

LB ) 2D
EB

π∆EB
(1)
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does not overlap with dye absorption. For other diameters, this
effect, as noticed before, is more or less remarkable and weakly
affects the dispersion properties. For 222 nm opal cells, the stop
band is high energy detuned from the strong dye absorption
spectrum and then, again, the dispersion can be investigated in
a wide range of angles.

In general, dispersion data can be easily fitted with the
Bragg-Snell law:27,57,62–65

Figure 3. Transmittance spectra of bare (dash-dotted line), bisTEG-PEPEP solution infiltrated opal (full line), and bisTEG-PEPEP water solution
PL spectra (dashed line). Microsphere diameter: 222 (a), 240 (b), 260 (c), and 300 (d) nm.

Figure 4. Angular dispersion of transmittance spectra for opals (a ) 260 nm) infiltrated with bisTEG-PEPEP water solutions of different
concentrations: (a) 1.4 × 10-3 M; (b) 3.5 × 10-4 M. (c) Stop band minimum vs incidence angle for infiltrated opals made with microspheres having
different diameters. Lines are Bragg-Snell law fits.

mλB ) 2D√neff
2 - sin2 θ (2)
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where m is the diffraction order, λB ) hc/EB, and neff the
effective refractive index of solution infiltrated opals. By fixing
the value of D ) a(2/3)0.5 with the nominal one assuming a
face centered cubic (FCC) compact structure, we get neff )
1.47-1.49 (Figure 5c, lines). For bare opals, we usually found
neff ≈ 1.40, to be compared to the theoretical one predicted with
the effective medium theory neff ≈ 1.41.

The value of neff determined from the dispersion of transmit-
tance spectra is important to obtain a reasonable estimate of
the dielectric constant (εi) or refractive index (ni) of interstices.
As a matter of fact, it has been recently shown for opals doped
with gold nanoparticles49–51,66 that neff is connected to ni by the
Lorentz-Lorenz formula for the effective medium

where εeff ) (neff)2, εPS ) 2.53 is the dielectric constant of the
polystyrene sphere, εi is the dielectric constant of the interstices
(εi ) 1 for bare opals), and fPS is the volume fraction of the
unitary cell filled with nanospheres (0.74 for a close packed
FCC crystal). By inverting eq 3, we obtain εi ) 1.35/1.50 (or
ni ) 1.16/1.23) for input values εeff ) 2.16/2.22 (neff ) 1.47/
1.49) as previously derived from the Bragg-Snell fit. The minor
uncertainty of neff values derived from experimental data implies
a remarkable uncertainty in εi (ni). Moreover, since water was
used as a solvent, we expected a value for ni very close to 1.33,
the refractive index of water. The lower value of ni here deduced
would in principle mean that imperfect infiltration occurred.
However, we noticed that the standard deviation of microsphere
diameter is 5%, thus inducing a correspondent variation of the
stop band spectral position and then affecting the results of the
Bragg-Snell fit. As a matter of fact, by fitting data reported in

Figure 4c for 300 nm opals by assuming a ) 300 ( 7.5 nm
((2.5% times a, the standard deviation provided by the
microsphere producer), we found neff ) 1.46/1.53. This neff

values correspond from eq 3 to εi ) 1.28/1.86 (ni ) 1.13/1.37),
i.e., a dielectric constant of the interstices significantly more
spread than corresponding values found from the Bragg-Snell
fit obtained by setting the nominal sphere diameter (a ) 300
nm). This example demonstrate that uncertainty of neff (and then
ni) is due to the uncertainty in the determination of the sphere
diameter.

Figure 5 shows the peak normalized PL spectra of bisTEG-
PEPEP solutions compared with those of the same solution
infiltrated in opals with a ) 222 (a), 240 (b), 260 (c), and 300
(d) nm and recorded at the detection angle θ′ ) 0. As already
observed for the data of Figure 3, the spectral position of the
opal stop band depends on microsphere diameter. For a ) 222
nm opals (Figure 5a), the PL spectra are almost indistinguish-
able, since the stop band is around 500 nm and then it does not
overlap the PL spectrum. For a ) 240 nm opals, the stop band
is at 580 nm and its evidence in the PL spectrum is a
modification of its high energy tail. For a ) 260 nm opals, a
clear dip in the PL spectrum is observed at 630 nm due to good
overlap with the stop band spectral region. The photonic crystal
stop band acts as a filter and prevents the light of specific
frequencies to escape from the infiltrated opal in specific
directions.16,67 This is a general feature of photonic crystals due
to the redistribution of the density of photonic states in the
k-space, which in some cases could lead to a modification of
the probability of spontaneous emission, thus affecting the
radiative lifetime.16,17,21,22 However, it is worth noticing that, in
low dielectric-contrast photonic crystals, such as those discussed
in this work, variations in the radiative lifetime are expected to
be typically very small. Finally, for a ) 300 nm opals, since
the stop band is overlapped to the low energy tail of the PL

Figure 5. Comparison of peak normalized photoluminescence spectra of free bisTEG-PEPEP solution and infiltrated in opals (θ′ ) 0) made with
microspheres of different diameters: (a) 222, (b) 240, (c) 260, and (d) 300 nm.
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spectrum (∼730 nm) where the signal is very weak, no evident
effects are observed. For all spectra, an apparent modification
of the intensity of the low or high energy tail is observed. This
is due to the adopted normalization procedure (peak normaliza-
tion) and should not be confused with modification of light
emission, implying possible enhancement/suppression effects
due to the presence of the photonic crystal. This item will be
discussed later on in detail.

As already mentioned, a ) 260 nm opals show the better
overlap between stop band and bisTEG-PEPEP emission. The
dispersion properties of PL spectra as a function of the detection
angle for opals infiltrated with solutions of different concentra-
tion are depicted in Figure 6. By changing θ′, the filtering effect,
i.e., the minimum in the PL spectrum shifts toward lower
wavelengths according to the PhC dispersion properties and
deeply modifies the spectrum. Around θ′ ) 24°, a double peak
structure appears, and by further increasing the detection angle,
the stop band reduces the signal in the high energy tail of the
PL spectrum in a manner similar to that previously observed
for a ) 240 nm opals (Figure 5b). The crossing of the stop
band over the PL spectrum upon changing θ′ can be more easily
observed in the contour plot over Figure 6a where the projection
of the PL spectra is reported with a color code associated with
PL intensity. Notice that the dispersion of the minimum in the
PL spectrum provided a value neff ) 1.49 very similar to that
previously observed for the stop band in transmission spectra
(Figure 4b), thus confirming the common origin of the spectral
features observed in the two measurements.

The results so far reported are very important for different
reasons. First of all, they demonstrated that we succeeded in
the infiltration of opals with a solution of bisTEG-PEPEP, a
new ad hoc synthesized chromophore with enhanced nonlinear
optical properties. Moreover, in spite of the reduced dielectric
contrast between polystyrene microspheres and bisTEG-PEPEP
water solutions, the photonic stop band can still be clearly

observed. This is a prerequisite to any further investigation on
these systems. Finally, the filtering effect of the stop band on
the PL spectrum is clearly observed, thus demonstrating that
the investigation of emission properties of an ad hoc synthesized
quadrupolar dye solution infiltrating opals is possible.

Possible enhancement and suppression effects due to a
redistribution of the photonic density of states in opals, which
imply a modification of PL emission intensity along specific
directions, are now discussed. It is known that at the high (low)
energy edges of the stop band the electromagnetic field is
confined in the low (high) dielectric constant material composing
the photonic crystal.56 In particular, for those photon energies,
the field is not propagating but behaves as a stationary wave
being confined in the interstices (microspheres). This effect has
been recently shown to modify the T spectrum of opals doped
with gold nanoparticles when the stop band is tuned over the
broad aggregated nanoparticle absorption.50 Even in PL spectra
of emitter infiltrated opals, anomalous lineshapes and radiative
decay modifications associated with light localization or other
effects due to the photonic crystal band structure have been
reported.14–17,20–22,27,28,68–70 In order to evaluate the angular-
dependent enhancement effects of PL, a detailed comparison
of the absolute PL intensity of emitter inside and outside the
photonic crystal must be performed. This nontrivial problem
concerns light extraction from the cell and light collection by
the optical setup and has also been widely investigated in
different frameworks like improving organic light emitting diode
performances,71 correcting anisotropic refractive and self-
absorption effects on PL spectra of oriented conjugated poly-
mers,72 and favoring light insertion in photovoltaic cells.73 In
the case of emission from photonic crystals, proper normaliza-
tion procedures have been adopted. The simpler reference could
be the free solution used for infiltration filled in a cell having
the same thickness of the opal. However, the light extraction
efficiency of these cells is 1.5-8 times less efficient than that
for solution infiltrated opals as measured over several cells of
different thicknesses. This indicates that more complicated
approaches have to be used to solve the problem. For instance,
Barth et al.21 compared the intensity of emission from rhodamine
B infiltrated opals obtained from ordered and disordered regions
of the same opal and then they normalized their intensity to the
low energy tail of such spectra. Since spectra from ordered
regions have a fingerprint of the stop band while disordered
regions do not, this approach allows for an absolute value
comparison. Lodhal22 and Bechger20 used as a reference the PL
spectrum obtained by the same sample recorded at very high
values of θ′ such as no stop band appears in the PL spectrum.
In this case too, long wavelength normalization of the spectra
was adopted.

In this work, we used a similar approach to normalize the
intensity of our spectra (namely, PL spectra recorded for opals
with stop band fully detuned from it, both at high and low
energies, or normalized with spectra recorded at θ′ ) 60° from
the same sample) and results will be compared and discussed.
For what concerning data in Figure 6, we used the spectra
recorded at θ′ ) 60° (i.e., when the stop band is detuned from
the PL spectrum) as a reference for comparison with the spectra
of the same sample recorded at θ′ ) 0°. Spectra reported in
Figure 6b showed only the filtering effect of the stop band on
the PL spectrum (∼640 nm, dashed area) but no PL enhance-
ment was observed for any emission direction, conversely from
what was reported in refs 20–22. This result cannot be
understood when considering the good optical quality of our
opals. For this reason, we repeated the experiments with more

Figure 6. Detection angle (θ′) dependence of PL spectra of bisTEG-
PEPEP solutions infiltrated in 260 nm opals (a and b, 1.4 × 10-3 M;
c and d, 3.5 × 10-4 M). Comparison of θ′ ) 0 PL spectra for parts a
and c (b and d, respectively; full line) with the reference spectra (dotted
line). The vertical (crossed) dashed area indicates s filtering (enhancing)
effects.
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diluted solutions (3.5 × 10-4 M). Transmittance spectra of opals
infiltrated with the new solutions (Figure 4b) show a more
pronounced stop band relative to previous samples (Figure 4a).
Since the stop band can be easily detected for large incidence
angles without being too much masked by absorption, a more
extended dispersion range can be used for Bragg-Snell fit
(Figure 4c), providing neff ) 1.47. Figure 6c shows the
dispersion properties of PL spectra of these new opals, which
are comparable to previous ones (neff ) 1.48). However, a
detailed comparison of PL spectra recorded for θ′ ) 0 with the
reference (Figure 6d) clearly shows enhancement effects in the
590-620 nm region (crossed dashed area). In addition, a stop
band filtering effect is also observed (∼640 nm, vertical dashed
area), even though it is less pronounced than in the previous
case. These results demonstrate the importance of avoiding PL
self-absorption in order to observe the effect of the photonic
band structure on the emission properties.

An additional support of the different photon-matter interac-
tion in the opals infiltrated with the two solutions is reported in
Figure 7. There, the θ′ ) 0° PL spectra of opals infiltrated with
concentrated (a) and diluted (b) bisTEG-PEPEP water solutions
are compared with the reference PL spectra (PLref) multiplied
by the correspondent T ones (also reported in Figure 7 for
comparison). For concentrated solutions, the PLref × T spectrum
is almost identical to the measured PL one, thus indicating that
the PC plays the role of a bare filter. On the contrary, for opals
infiltrated with diluted solutions, the PL spectrum is noticeably
different than PLref × T even in correspondence of the photonic
stop band. Notice also that the stop band in T spectra causes a
minimum at 600 nm while in PL ones the minimum is observed
at 605 nm and in PLref × T at 595 nm. These meaningful
differences are an additional indication of the sophisticated effect
of light-matter interaction occurring in this sample which is
not only related to the simple stop band filtering action. Even
more evident is the different intensity of the spectra. The
intensity of the PL spectrum from the opal is noticeably larger
than that calculated for PLref × T, indicating the existence of
enhancement effects. In order to better highlight the enhance-
ment effects and to take into account their angular dependence,
the dispersion properties are analyzed in closer detail in Figure
8 where we report and compare the transmission dispersion
properties (Figure 8a) of opals infiltrated with diluted solutions
and the PL spectra from 260 nm opals divided by the different
PL references previously indicated, namely, opals having a )
222 nm (Figure 8b, stop band high energy detuned), a ) 260
nm θ′ ) 60° (Figure 8c, internal reference with stop band high
energy detuned), a ) 300 nm (Figure 8d, stop band low energy
detuned). All measurements are recorded for the same detection
angles. We would like to remember that these ratio spectra are
normalized to unit at low photon energies as usually reported
in the literature.20–22 This correction affects the ratio spectra for
an amount below 10% of the value at long wavelength.

Ratio spectra in Figure 8 show, at each specific angle, a PL
intensity enhancement for ratios larger than 1 and a PL
suppression when ratios are lower than 1. For the wavelengths
larger than 630 nm, ratios are equal to 1, indicating that no

Figure 7. Comparison of T (dashed-dotted line) and PL (dashed line) spectra at θ ) 0° for 260 nm opals infiltrated with 1.4 × 10-3 (a) and 3.5
× 10-4 (b) solutions and the calculated spectrum obtained by multiplying T with PLref (full line).

Figure 8. Dispersion properties of 260 nm opals infiltrated with
bisTEG-PEPEP solutions. (a) Transmission spectra. PL ratio spectra
calculated with different references: (b) 222 nm opal; (c) 260 nm opal
at θ′ ) 60°; (c) 300 nm opal.
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enhancement or suppression is observed. An exception occurs
for 300 nm opals (data in Figure 8c), since in that case the stop
band of the reference is long wavelength detuned with respect
to the emission and an apparent enhancement is observed due
to the low energy position of the stop band in the reference
spectra for this particular reference. Within the stop band, for
all references, the ratio is lower than 1 (PL reduction) due to
the stop band filtering effect already pointed out. Noticeably,
directional enhancement and suppression effects are observed
in the high energy edge of the stop band and over a wide angular
range, independently of the reference used. The spectral
coincidence of the enhancement and suppression regions with
the high energy stop band edge and with the center of the stop
band respectively give a strong indication that modification of
light emission is occurring due to a redistribution of the photonic
density of states in the k-space. This result is in full agreement
with previous findings indicating that dye molecules are within
the interstices.20,21 It is important to stress at this point that a
modification of the photonic density of states could lead to an
enhancement or a suppression of emission at specific wave-
lengths and along specific directions. However, this does not
necessarily lead to an overall enhancement or suppression of
the emission rate, i.e., an increase or a decrease of the radiative
lifetime of an emitter placed inside the photonic crystal. Indeed,
a sizable modification of the radiative lifetime (Purcell effect74)
can only be observed in photonic crystals for which the photonic
density of states is strongly modified in the whole k-space, i.e.,
for any propagation direction. Thus, in the case of infiltrated
direct opals which show a substantial modification of the
photonic density of states only for particular k-values, directional
enhancement or suppression of emission could be considerable,
while effects on the radiative lifetime are usually very small
and hard to detect.

From the theory,56 enhancement of emission is expected in
both sides of the photonic stop band. Barth et al.21 showed PL
enhancement also for the low energy stop band edge, an
occurrence caused by molecules located at the contact point
between opal microspheres. Data in Figure 8 do not show such
an effect, but a tentative indication of that could be traced back
to the reduced stop band filtering effect in PL spectra in the
low energy side of the stop band edge (see Figure 7b).
Dishomogeneous distribution of dye molecules within the
interstices among spheres due to capillary forces can contribute
to modifying enhancement effects at high and low energy stop
band edges.21 Indeed, at the high energy edge, molecules facing
the voids between beds do not contribute.21 At the low energy
pseudogap edge, the situation is more complicated: molecules
from bed contact points provide a reduction of the density of
states while molecules facing voids give an enhancement. Then,
at the low energy side, the two contributions seem to almost
cancel each other out. We also notice that the light localization
effect at the high energy stop band edge implies a confinement
into the low dielectric constant material, i.e., the solution where
the emitter is dispersed, thus making this enhancement more
efficient with respect to that at the low energy edge, which
corresponds to localization within PS microspheres. It is
interesting to notice that in spite of the low dielectric contrast
between PS microspheres and the interstices filled with the
bisTEG-PEPEP solution, i.e., the active material, the enhance-
ment and suppression effect along specific directions is clearly
observed. In order to assess a possible overall emission
enhancement and an increase of the radiative rate, one should
perform time-resolved PL experiments on the infiltrated opals,

although little effects on the emission lifetime are expected in
this case.21,27

An alternative explanation to similar experimental data has
been provided by Nikolaev et al.28 By considering that light
emitted inside the PhC could be both lambertian-like diffused
by defects as well as directionally diffracted by the photonic
crystal planes, they calculated the effect of internal reflection
losses at the interface during light way out from the opal. Their
calculations applied to opal and inverse opals of different
dielectric contrast showed that enhancement of emission at the
edges of the stop band can be reproduced by simple optical
effects without invoking an increase of the local density of
photonic states or modification of the radiative transition rate.
Even though in our case a minor contribution from lambertian
emission due to defects cannot be excluded, a certain difference
with the Nikolaev et al. results does exist. Indeed, their
calculations show that the enhancement can be observed at the
high energy side of the stop band for detection angles below
30° while in the low energy side for higher θ′. This result is in
contrast with our data where the enhancement is observed (for
every reference) only in the high energy stop band side
independently for all investigated detection angles. A definitive
discrimination between the two models is very difficult, since
an isotropical dye distribution is assumed by Nikolaev et al.28

while Barth et al. pointed out the importance of dye position
inside interstices.21 Moreover, in our case, the situation is even
more complicated, since a lower dielectric contrast is present.
In principle, only the study of the PL dynamics could disentangle
the situation being the inhibition of the radiative decay associ-
ated only to the DOS redistribution model. In this case, PL
decays for free or PhC infiltrated dyes would be very different.
Unfortunately, even such studies have not so far allowed a
generalized consensus on these topics to be achieved (see ref
27 and references therein).

Due to the uncertainties so far described and the availability
of steady-state data here reported, we feel that probably both
mechanisms might be active in bisTEG-PEPEP infiltrated opals,
but a clear disentanglement between their relative importance
is very difficult. This opens new perspectives to the study of
the photophysics of PhC infiltrated with chemically engineered
photoactive conjugated materials (possibly in the solid state).

Conclusions

In conclusion, we showed that multipolar chromophores
possessing a large two-photon absorption cross section can be
efficiently functionalized with hydrophilic chains in order to
promote their solubility in polar solvent. This property allowed
to succeed in the infiltration of polystyrene artificial opals of
good optical quality. The infiltration process induces a red shift
of the photonic stop band as well as a reduction of its width.
Even though the dielectric properties of the infiltrated photonic
crystals result to be modified, the residual dielectric contrast is
strong enough to modulate the emission properties of the
chromophore inside the interstices.

When chromophores are photoexcited, they emit light filtered
by the opal for photon energies tuned over the stop band spectral
range. For high quality opals infiltrated with properly diluted
solutions, remarkable PL directional enhancement effects at the
high energy stop band edges are observed due to redistribution
of the PC density of photonic states. However, we cannot
exclude that internal reflection losses might contribute to the
observed effect.

We hope these results might stimulate further investigations
on the exploitation of the large nonlinear optical properties of
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bisTEG-PEPEP dyes and chemically engineered conjugated
molecules when used in the field of PhC, in particular for optical
limiting, up-conversion lasing, and fluorescence applications.
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