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Introduction

The control of intermolecular interactions[1] is crucial to the ex-
ploitation of molecular semiconductors for organic electronics,
and the incorporation of active molecules (light emitters, non-
linear optics, etc.) into a proper host matrix enables control of
the spatial organization of the molecular assemblies. In particu-
lar, the incorporation of conjugated molecules possessing a
“long” molecular axis in host compounds, such as urea, thiour-
ea, tris-o-thymotide, perhydrotriphenylene (PHTP), deoxycholic
acid (DCA), and cyclodextrins, yields channel-type inclusion
compounds (ICs).[2] ICs provide materials with very high con-
centrations of active molecules possessing peculiar spatial and
geometrical organizations that can be exploited for many ap-
plications. Another interesting aspect of the ICs is that they
provide the opportunity to explore the photophysics of isolat-
ed, often oriented, molecules.[3–6]

A large study about the fabrication process, structure, and
thermodynamic and optical properties of ICs, in which the
guests consist of suitable conjugated molecules and the host
is PHTP, has already been reported in the literature.[3, 7] The

PHTP molecules (see Scheme 1) form stacks that give rise to
hexagonally shaped channels with a typical inter-channel dis-
tance of 1.4 nm. PHTP ICs have been generally prepared by
melting and successively cooling the powders,[3, 4] by slow
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All-organic nanostructured host–guest systems, based on dyes in-
serted in the nanochannels of perhydrotriphenylene (PHTP) and
deoxycholic acid (DCA), show enhanced fluorescence properties
with quantum yields even higher than those of the dyes in solu-
tion, thanks to the high concentration of emissive molecules with
controlled spatial and geometrical organization that prevents ag-
gregation quenching. Both host molecules crystallize, growing
with the long axis oriented along the direction of the nanochan-
nels where the linear-chain dyes are inserted, to yield crystals

emitting well-polarized light. For the DCA-based host–guests, ho-
mogeneous thin films suitable for several applications are ob-
tained. Colour emission in such films can be tuned by co-inclu-
sion of two or three dyes due to resonant energy-transfer proc-
esses. We show that films obtained by low-cost techniques, such
as solution casting and spin-coating, convert UV light into visible
light with an efficiency much higher than that of the standard
polymeric blends.

Scheme 1. Structures of the PHTP (a) and DCA (b) molecules.
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evaporation of the solvent[5, 8] or by thermal co-evaporation of
the PHTP host and the guest.[9, 10]

DCA is part of the bile salts family. It is commercially availa-
ble and one of the oldest hosts that is able to include a large
range of organic compounds.[11] Bile acids are planar amphi-
philic compounds with one hydrophobic side (without hydrox-
yl groups) and one hydrophilic side (containing hydroxyl
groups; see Scheme 1), which form unique bilayer structures
with alternating stacks of hydrophobic and hydrophilic layers.
The bent molecular shape of DCA provides molecular channels,
or one-dimensional molecular cavities, running through the hy-
drophobic layer. Many hydrophobic organic guests can be in-
cluded in this type of host framework. Intermolecular hydro-
gen bonding between steroidal a faces (hydrophilic faces)
plays a key role in the robustness of the bilayer structure of
DCA.[12] Until now, DCA has mainly been used in the medical
domain for the treatment of bile acid deficiency or some liver
diseases, and in the optical domain since the inclusion of achi-
ral molecules inside the chiral DCA space led to a measurable
circular dichroism.[13] The recent report that co-adsorption of
DCA enhances the performances of dye-sensitized solar cells
by suppression of dye p–p stacking[14] demonstrates that DCA
can also play an important role in the field of optoelectronics.

Host–guest systems are ideal candidates for optoelectronic
applications thanks to their high absorption cross-section and
emission efficiency. Through a proper choice of the dyes, their
absorption–emission properties can be easily tuned and self-
absorption processes avoided. We have shown that by insert-
ing two or three dyes in the channels of the PHTP host, materi-
als able to convert energy from the UV to the visible with effi-
ciencies as high as 100 % can be obtained[15] as a result of the
highly efficient resonant energy-transfer processes that occur
among the guest molecules,[4] whose spatial and geometrical
organization is imposed by the host. These systems are there-
fore ideal materials for energy conversion to be used as
colour-changing media for light-emitting diodes, as light har-
vesters for solar cells or sensitizers for UV detectors. The main
drawback of host–guest systems based on the PHTP host is
their lack of processability in the form of thin uniform films,
which are necessary for most of these applications. Indeed,
PHTP host–guest systems have been obtained so far in the
form of crystals or polycrystalline powders.

Herein, we studied the morphological and fluorescence
properties of films based on all-organic ICs obtained with dif-
ferent preparation methods in order to obtain uniform films.
To this end, herein we focus our attention on the DCA host
and obtain the crystal structure of its IC with a highly emissive
dye. We analyse DCA ICs with terphenyl (P3) and some dyes
emitting in the blue, namely, terthiophene (T3), diphenylbuta-
diene (DPB) and 1,6-diphenyl-1,3,5-hexatriene (DPH), and com-
pare their properties with those of the well-studied PHTP-
based ICs. Co-inclusion compounds (co-ICs) of two or three dif-
ferent dyes in DCA allow the colour emission to be tuned
down to the whole visible range. We demonstrate that quite
homogeneous thin films of DCA ICs can be deposited by using
the simple, low-cost spin-coating technique and show that
cast and spin-coated films based on P3, DPB and DPH in DCA

are efficient energy converters from the near-UV (NUV) to the
blue.

Results and Discussion

DCA and PHTP Host–Guest Crystals

Films of PHTP ICs were grown by thermal co-evaporation in
high vacuum of the host and guest molecules on cooled sub-
strates. The films are formed by small crystals of host–guest
molecules whose dimensions and orientation depend on the
substrate and evaporation conditions. However, we could not
obtain uniform thin films of PHTP ICs with this technique. Fig-
ures 1 a, b show fluorescence images of T3-PHTP ICs obtained
by thermal deposition on Si wafers and quartz plates. Small
crystals are preferentially lying on the untreated quartz plate,

while slightly bigger crystals are lying and standing on the Si
wafer substrate. The bright fluorescent edges of the crystals
grown on Si indicate the presence of out-coupling light[16]

wave-guided inside the PHTP host. Polarized fluorescence
images show that the co-evaporated crystals emit polarized
light, similarly to crystals obtained from solution.[5]

Figures 1 c, d show fluorescence microscopy images of crys-
tals of DCA ICs containing blue-emitting dyes, obtained from
the slow evaporation of the solutions. DCA host–guest crystals
show well-polarized light emission. This result demonstrates
that the orientation of the dyes inserted in DCA is along the
crystal axis, and therefore, that the DCA molecules crystallize
growing with the long axis oriented along the direction of the
nanochannels.

We studied in detail the crystal structure of the DPH-DCA IC,
as reported in Figure 2, in comparison with the model struc-
ture of the PHTP IC. Similarly to PHTP, DCA ICs form crystals

Figure 1. Polarized fluorescence microscopy images of T3-PHTP co-evaporat-
ed in high vacuum on a Si wafer (a) and a quartz plate (b). Crystals of DPB-
DCA (c) and DPH-DCA (d) obtained from slow evaporation of methanol/
ethyl acetate (2:4) solution. The arrows show the direction of the analyser
axis. Scale bar: 5 mm.
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with parallel channels of about 1.4 nm separation where the
linear-chain molecules are inserted. The DCA IC forms an or-
thorhombic crystal consisting of the packing of discrete DCA
molecules, through the H-bond formation of adjacent carbox-
ylic groups,[17] thus leaving two cavities in the unit cell where
the guest molecule can be accommodated (see Figure 2, top).
The channel developing along the c axis recalls a bowel shape;
however, normal to the ab plane it seems approximately a par-
allelogram (minimum and maximum diagonals of 0.75 and
0.98 nm, respectively). The hole dimensions, after subtraction
of van der Waals (vdW) radii, do not exceed 0.66 � 0.5 nm,
hence allowing for the insertion of selected molecules, such as
DPH. As regards the guest dimensions, the lengths of both
DPH and the c axis can be compared to investigate the replen-
ishment level of the guest molecule in the crystal. Differently
from the oligothiophene case in PHTP,[18] no simple integer
ratio between such lengths is observed (i.e. no commensurabil-
ity) whatever conformation is adopted by the molecule, which
indicates possible positional disorder along the channel.
Namely, for the trans–trans case, the smaller integer ratio is
five molecules distributed along with 12 unit cells. In spite of
the presence of two different positions, that is, spatial disorder,
a detailed refinement (R = 0.07) allows assessment of the com-
plete channel replenishment (see the Supporting Information).

The examination of other guests in the same crystals is inter-
esting—at least at the modelling level—in view of understand-
ing the optical properties of host–guest complexes. The T3
molecule can be conveniently inserted into the channel with
no stress for vdW interactions, as the overall length (1.041 nm)
plus vdW contacts (1.40 nm) is smaller than double the c axis
(1.45 nm). The DPB molecule is larger than the double unit cell

in both the conformations, that is, s-trans (1.165 nm) and s-cis
(1.145 nm) plus vdW contacts; hence, to be inserted into the
channel with acceptable stress, its axis should not be parallel
to the c axis. Molecular model calculations[19] indicate an angle
larger than 258.

DCA Host–Guest Thin Films

Differently from the PHTP ICs, for which only crystals or poly-
crystalline powders and films can be obtained by using differ-
ent preparation techniques, in the case of DCA we are also
able to prepare thin films. Figure 3 shows fluorescence micro-
scopy images of films obtained from DCA solutions of T3, DPB
and DPH. Films prepared by solution casting (see Fig-
ures 3 a, c, e) display small-sized crystals that form inhomogene-
ous polycrystalline films. In the case of spin-coated films (Fig-
ures 3 b, d, f), we obtained more homogeneous films covering
the whole substrate, which might be suitable as coatings for
several applications. On the other hand, their morphology is
far from planar (see the AFM height images in the inserts), dis-
playing a roughness that depends on the solvent and the spin-
ning rate. Indeed, the proper choice of surface roughness
allows the control of waveguiding effects that reduce the total
amount of light emitted from the surface.

Figure 2. Crystal structure of a DPH-DCA IC crystal (top) and model structure
of a T3-PHTP IC crystal (bottom), both viewed along the short c axis.

Figure 3. Fluorescence microscopy images of T3-DCA cast (a) and spin-
coated (b) films. DPB-DCA cast (c) and spin-coated (d) films obtained from
methanol solutions. Optical/fluorescence images of DPH-DCA cast (e) and
spin-coated (f) films obtained from methanol/ethyl acetate. The insets in the
images of the spin-coated films show the 20 � 20 mm AFM height images.
Spin-coated films are obtained at 500 rpm.
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Photoluminescence

The photoluminescence (PL) spectra of P3, T3, DPB and DPH
are reported in Figure 4 for diluted solutions, aggregated mol-
ecules (obtained by solution casting) and the two ICs. No rele-
vant changes are observed in the PL spectra of ICs prepared

with different techniques. Only a reduction of the intensity of
the higher-energy component of the fluorescence is observed
for crystals and thick films due to self-absorption effects.

The energy positions of the spectra of DCA ICs are slightly
red-shifted with respect to the corresponding PHTP ICs. For all
the molecules, the PL spectra of the ICs are very similar to
those of the solutions while the emission of the aggregated
molecules is red-shifted. The different absorption and PL prop-
erties of DPB s-trans and s-cis conformers have been used to
study their equilibrium in solution[20] and photoisomerization
processes in the solid state.[21] According to the preparation
conditions of DPB and DPB-
DCA, PL spectra of different
mixtures of the two conformers
are obtained (see the Support-
ing Information). Figure 4 shows
spectra typical of the trans con-
former. A photoisomerization
process is observed for the DPB
molecules in DCA similar to that
observed for DPB crystals by
Saltiel et al. ,[21] even though we

found that its evolution is much slower than that observed for
the DPB molecules cast from solution (see the Supporting In-
formation). Moreover, while in DPB films a decrease of the
overall PL intensity is detected after photoisomerization, in
DCA ICs the emission intensity is stable after prolonged light-
exposure times. DPB in PHTP IC does not show any photoiso-
merization process, which suggests that inclusion in the PHTP
nanochannels, being slightly smaller than the DCA ones,
prevents isomerization phenomena of the guest. DPH fluores-
cence of both the ICs shows spectral shapes resembling
the emission from the 21Ag state of the all-trans DPH conform-
er.[22–25]

The main difference observed in the PL properties of the
molecules possessing different aggregation states is the emis-
sion efficiency. As can be seen from the data reported in
Table 1, the PL quantum efficiency (QY) of the dyes in the ag-
gregate state is quite low due to aggregation quenching ef-
fects, whereas ICs show QYs comparable or even higher than
in solution. The PL lifetimes of T3, DPB and DPH included in
DCA are 0.2, 0.7 and 2.5 ns, respectively. These lifetimes are
similar to those of the solutions and of the PHTP ICs (see
Table 1). The presence of a fast initial decay for the DPB ICs
may be related to a fast energy transfer from the trans to the
cis conformers. The long lifetime of the DPH molecule is con-
sistent with the forbidden nature of the transition from the
lower excited energy state 21Ag and its value (as well as the
QY) strongly depends on the polarizability of the environ-
ment,[10, 20, 26, 27] since the 11Bu energy position decreases more
rapidly than the 21Ag one for increasing polarizability.[23, 24] The
decay time of dyes in the aggregated state is faster and, in the
case of DPH, is non-exponential due to aggregation quenching
effects that give rise to a faster initial decay.[28]

To extend from the blue to the whole visible the range of
the emission of DCA ICs, we inserted two or three dyes in the
DCA host. Co-ICs of DPH and P3 in DCA show emission from
the DPH chromophore when P3 is excited (see Figure 5), which
indicates that in the DCA host crystal, similarly to the PHTP
crystal,[4, 15] efficient resonant energy transfer shifts the emission
far from the absorption region. The high PL QY (0.90) obtained
for P3:DPH-DCA with 80:20 dye molar ratio shows that NUV
light (absorbed by the P3 dye) is converted to the blue (emis-
sion of the DPH dye) without loss of energy. The addition of a
small amount of the third dye quinquethiophene, or T5, emit-
ting in the yellow–green region allows transfer of energy from
the NUV to nearly the whole visible spectrum (see Figure 5)
through a two-step resonant energy-transfer process.[15] The

Figure 4. PL spectra of the molecules included in DCA and PHTP, dissolved
in methanol and in the aggregate state (top to bottom). The spectra were
recorded at room temperature and are displaced vertically for clarity. Films
of DCA ICs were obtained by spin-coating from solution. P3, T3 and DPH in
PHTP ICs were obtained by thermal co-evaporation; DPB in PHTP IC is ob-
tained by powder melting.

Table 1. Optical properties of the ICs. PL QY and lifetimes.

Guest Abs [nm] Em [nm] PL QY/lifetimes
DCA IC PHTP IC Solution Film

T3 320–410 410–480 0.13/200 ps 0.09[10]/200 ps 0.07/170 ps 0.02/83 ps
P3 250–320 320–360 0.92 0.73[10] 0.82[10] 0.63[10]

DPB 280–350 350–450 0.46/0.12,0.7 ns 0.37/0.18,0.7 ns 0.42/0.6 ns[a, 26] 0.12
DPH 320–390 400–500 0.85/2.5 ns 0.65[15]/4 ns[15] 0.65/13 ns[a, 26] 0.03/<0.5 ns

[a] Different values are reported for different solvents.[10, 20, 26, 27]
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emission therefore shifts from the blue (two-dye IC) to the
nearly white emission region for the three-dye IC, as can be
seen in the inset of Figure 5 where the CIE coordinates of the
emissions are shown.

Energy Conversion

Silicon-based detectors, which largely rule the field of optical
photosensors, suffer in the NUV region from a significant de-
crease in the QY. Therefore, for efficient NUV photon detection,
the sensitivity of Si detectors is usually extended towards
shorter wavelengths by coating the detector head with poly-
meric blends of organic dyes.[29] To measure the efficiency of
energy conversion of DCA ICs from the NUV to the visible, we
measured the light sensed by a standard Si detector, the sensi-
tivity of which sharply decreases at wavelengths below 300 nm
when a film of the material is placed in front of the detector
head. We compared the light sensed when a film of DPB-DCA
IC was placed in front of the detector head with that observed
with a standard film of DPB blended in poly(methyl methacry-
late) (PMMA), without any optimization of the optical coupling
between the sample and the detector.

As shown in Figure 6, the IC increases the total amount of
light sensed by the detector in the UV range with an efficiency
of conversion much higher than that of the standard polymeric
film. The better performances of the IC can be related both to
the peculiar morphology of the films, which reduces the wave-
guiding losses present in planar polymeric films (spin-coated
blend), and to the higher efficiency of emission of the dyes in-
cluded in the DCA structure (PL QYs are about 2–2.5 times
higher than those of PMMA blends).

In the inset of Figure 6 the ratio R between the light sensed
with and without the sample is reported for different films of
ICs and co-ICs. For both DPB and DPH dyes, we found that
cast or spin-coated films obtained with low spinning rates
(below 600 rpm) are those with better performances as energy
converters. This fact is related both to the thickness of the
films and to their morphology. We observed that the best-per-
forming films contain both emissive and non-emissive grains

(see Figures 3 c, e). These films display balanced emission/diffu-
sion properties in the transmission geometry, thus resulting in
high emission efficiency without sensitive reduction of the
light transmitted in the region of dye absorption. The films
also show improved stability under UV illumination (see the
Supporting Information).

Conclusions

We have prepared all-organic ICs based on PHTP and DCA
hosts. Both host molecules crystallize and grow with the long
axis oriented along the direction of the nanochannels, where
emissive linear-chain molecules are inserted. Crystals of both
types of ICs display host full-hole replenishment and emit po-
larized light. While PHTP-based ICs form inhomogeneous films,
different film morphologies are obtained for the DCA ICs ac-
cording to the preparation technique. Quite homogeneous
thin films can be prepared by solution spin-coating. Dyes in-
serted in DCA show enhanced fluorescence properties, with
quantum yields even higher than those of the solutions and
emission colours that can be easily tunable from the blue to
the white by co-inclusion of different dyes. We demonstrate
that films of DCA ICs of DPB, DPH and P3, obtained by low-
cost techniques such as solution casting and spin-coating, are
able to convert NUV into visible light with an efficiency much
higher than that of standard polymeric blends.

Experimental Section

Materials : DCA, T3, DPB and DPH were purchased from Sigma–Al-
drich. T5 was synthesized as reported elsewhere.[15] All solvents
were of analytical grade. PHTP was synthesized as reported in the
literature.[7] PHTP ICs were obtained by co-evaporation of PHTP

Figure 5. PL of P3:DPH-DCA (80:20; blue line) and P3:DPH:T5-DCA (50:48:2;
grey line) cast films excited at 280 nm. Inset : CIE coordinates (0.14;0.11) for
the two-dye IC and (0.22;0.31) for the three-dye IC.

Figure 6. a) Light intensity detected through DPB-DCA (bold line) and
blends of DPB in PMMA (solid line), spin-coated (dashed line) and cast (thin
line), with quartz substrate as reference (grey line). In the inset, the ratio R
between the light detected with and without the sample in front of the de-
tector head is reported for cast (solid line) and spin-coated (500 rpm, dotted
lines; 1000 rpm, dashed–dotted line) films of DCA ICs for DPB (bold), DPH
(thin) and P3:DPB (80:20) co-IC (grey).
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and the dye molecules in high vacuum (10�6 mbar) onto cooled
(�30 8C) substrates, at rates of 0.3–1 � min�1 for the dyes and
about ten times higher for PHTP. Crystals of DCA ICs were obtained
by slow evaporation of the host/guest mixture from different sol-
vents (methanol,[12] methanol/acetonitrile, methanol/ethyl acetate,
dimethyl sulfoxide) at room temperature under nitrogen flow with
a host/guest ratio between 4:1 and 5:2. The DCA ICs were pre-
pared from a DCA mother solution in methanol with a concentra-
tion of 0.01 mol L�1 and a guest mother solution (in the same mix-
ture of solvents used for the DCA IC crystals) with a concentration
of 0.005 mol L�1. From the same mother solutions, co-ICs with P3
and DPH were prepared with P3/DPH ratios of 49.5:50.5 and
79.7:20.3, and a host/guest ratio of 2.5. DCA co-ICs with P3, DPH
and T5 were prepared from a methyl ethyl ketone solution with
P3/DPH/T5 ratios of about 98:1.4:0.6 and 50:48:2, and a host/guest
ratio of 2.6. Films of DCA ICs were obtained by cast deposition or
by spin-coating at spinning rates of 500 to 1500 rpm. The 1–5 wt %
blends of DPB in PMMA were obtained from chloroform solution
at a concentration of 25–30 mg mL�1. The DPB-PMMA film was ob-
tained by spin-coating at 1500 rpm or by casting.

Structural and Morphological Characterization: A crystal selected
from data collection (performed at �300 K), which showed well-
defined faces and a yellowish colour and had approximate dimen-
sions of 0.1 � 0.2 � 0.3 mm3, was examined using an Oxford Diffrac-
tion KM4 Xcalibur diffractometer fitted with a Sapphire 3 charge-
coupled device (CCD) detector and using graphite-monochromat-
ed MoKa radiation. Data reduction (intensity integration and stand-
ard geometry and Lorentz-polarization correction) was performed
with the CrysAlis software (Oxford Diffraction, 2007). The space
group was identified as P212121, and 11 872 reflections were meas-
ured of which 3354 were unique (average redundancy = 3.5) ; the
Rint of redundant data was 0.046 and Rs 0.060 (Friedel opposites
merged). Reflections with Fo>4 s(Fo) were 1898 (see Supporting In-
formation). Structure solution by means of direct methods and full-
matrix least-squares refinement was performed with the crystallo-
graphic software SHELXS and SHELXL. Direct methods allowed de-
termination of the DCA structure and individuation of three atoms
of the DPH guest molecules (combined figure of merit = 0.0649).
DCA molecules assume their configuration around a symmetry ele-
ment (21 screw axis parallel to the c axis direction), hence forming
the channel. Preliminary density maps were drawn with crystallo-
graphic software O and showed electron density along the channel
axis, thus revealing the presence of three atoms, placed onto the
21 screw axis parallel to the a axis, which we presumed to belong
to the six carbon atoms that form the centre of the DPH molecule.
DCA H atoms were located geometrically and constrained to ride
on their parent atoms with C�H ACHTUNGTRENNUNG(methine) = 0.98, C�H(meth-
ylene) = 0.97, C�H ACHTUNGTRENNUNG(methyl) = 0.96 � and with Uiso(H) = 1.2 Ueq(C).
The disorder in the channel was modelled by means of a rigid
model of DPH in trans–trans configuration, which was bound to
DCA molecules and matched the positions of the three visible hex-
atriene carbon atoms. This rigid fragment was allowed to occupy
the channel in two possible positions (shown later), whose occu-
pancies were restrained to sum up to 0.25, to account for the two
possible positions and site symmetry (21 parallel to a axis). The
final occupancies for the A and B positions were one three times
the other, namely 0.182(3) and 0.060(3). Uiso for atoms in DPH mol-
ecules was constrained to assume the same value for all atoms
and converged to 0.097(2). The unit cell parameters yielded a
volume of 2526.3(6) �3, that is, a density of 1.15 g cm�3, fully con-
sistent with other included DCA crystals (see Supporting Informa-
tion).[17] AFM investigations were performed using an NT-MDT
NTEGRA apparatus in tapping mode under ambient conditions.

Optical Characterization: PL continuous-wave measurements were
obtained with an SPEX 270 M monochromator equipped with an
N2-cooled CCD and a monochromated Xe lamp. The spectra were
corrected for the instrument response. The PL QY on solid-state
materials was obtained by using a home-made integrating
sphere[10, 30] and correcting the spectra of the low-emissive materi-
als for the background of the exciting lamp, according to Equa-
tions (1) and (2):

QY ¼ P*
c � ð1� AÞP*

b

ALa

ð1Þ

P*
c=b ¼ Pc=b �

Lc=b

La
Pa ð2Þ

where P and L are the integrated intensity of the PL spectra and
the exciting lamp, respectively; index c refers to the measurement
with the lamp impinging the sample, and b and a refer to the
measurements with the lamp impinging the sphere with the
sample inside and outside, respectively; A = 1�Lc/Lb. Fluorescence
microscopy images were collected with a Nikon Eclipse TE2000-U
inverted confocal microscope with a long working distance using a
Plan Apo VC objective (magnification 60 � or 100 � , NA 1.4). Excita-
tion was obtained with a 100 W Hg lamp with a 330–380 nm
band-pass excitation filter. For polarized measurements, a rotating
polarizer was placed between the sample and the detectors. Ultra-
fast excitation experiments were performed by using subpicosec-
ond pulses delivered either by an optical parametric amplifier
(Light Conversion Topas), pumped by a Ti:sapphire amplified laser
with 1 kHz repetition rate (Quantronix Integra, 1.5 mJ output
energy), or by a frequency double-pulsed 80 MHz Ti:sapphire laser.
Optical emission was spectrally dispersed in a single spectrometer
and temporally resolved with a visible 2D-streak camera with a
temporal resolution of 2 and 20 ps (Hamamatsu, C5680) for low
and high repetition rates, respectively. Optical transmission meas-
urements for the determination of energy conversion were per-
formed with phase-sensitive modulation techniques by using a
mechanically chopped 30-W monochromated deuterium lamp as
light source, a custom Hamamatsu Si PIN photodiode with 9 �
9 mm2 area detector and a Signal Recovery 7265 lock-in amplifier.
The organic layer deposited onto a 10 � 10 mm2 quartz plate was
placed at a distance of 1 mm from the detector head.
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