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Energy transfer between the organic laser dyes coumarin 485 and pyrromethene 567 was investigated in
mesostructured silica/block copolymer thin films. The 2-D hexagonal mesostructured silica thin films were
made using acidic selgel synthesis with poly(ethylene oxidb)poly(propylene oxidep-poly(ethylene oxide),
(EO0POrEO,) as the structure-directing agent. The dyes were doped into the film synthesis solutions so
that they underwent co-assembly with the silica and block copolymer. At a very low concentration of acceptor,
one acceptor molecule for every 20 donor molecules, the donor’s emission was drastically quenched, suggesting
efficient energy transfer. Investigations into amplified spontaneous emission revealed that the donor/acceptor
system resulted in full gain narrowing at significantly lower concentrations than systems without a donor.

Introduction possess hydrophobic/hydrophilic domains, the study of energy
Photosynthetic organisms provide the best examples of transfer in composite materials offers similar potential interest.

efficient energy transfer through highly efficient light-harvesting ~ Among composite materials, mesostructured silica/block
complexes that channel energy to a reaction céritimwever, copolymer composites are emerging as a class of materials that
several other systems have been developed that successfully usare well-suited as host media for optical dye spetibkeso-
energy transfer. Recently, energy transfer has been investigate@copic integration of the block-copolymer and silica components
for the production of optical devices such as organic light- Yields structures that combine the mechanical strength of the
emitting diodes (OLEDs) and for extending the wavelength inorganic framework with the desirable processing and solubility
emission range of polymers and sglel optical materiald-> properties of the organic polymer. Further, these materials offer
Employing energy transfer has made more efficient devices. new opportunities for controlling the local environments of
For example, significantly lower lasing thresholds are obtained occluded species since they possess adjustable inorganic/organic
in polymeric systems by using energy transfer to reduce self- compositions and mesoscopic structures with a variety of
absorption at the emission wavelength while maintaining a symmetries. These multiple environments permit mesostructured
strong absorption at the pump wavelen§thAn interesting materials to be readily doped with organometallic compléxes,
approach to investigate energy transfer has been used in biphasisemiconducting nanocrystél&?semiconducting polymerd and
micellular systems, in which the dye is confined to one phase dyes!?!3 Extensive synthetic work enables processing into
or the other to increase the efficiency of energy transfeom optically important structures such as thin filis}” fibers;®
the viewpoint of composite materials as host matrixes that monoliths!®20 hierarchical ordering* and micropatterns pro-
_ duced by soft lithograph{£2223Not only do these materials
Ch;ﬁuutrggtr)tgaﬁhom correspondence should be addressed. E-mail: stucky@ gffer 3 wide range of dqpan_t_s and morphqlogies but also they
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dyes!324 forming lasing material&32426 and successfully 18004 8

working as chemical sensot&?’ B a
The host system chosen for this study is mesostructured silica/  _ 1400 -

block copolymer composite thin films. A poly(ethylene oxide)- 3 4200 4

b-poly(propylene oxide)-poly(ethylene oxide) triblock co- 2 000 4 g g

polymer (EQoPO,0EO,) was used as the structure-directing %‘ cog 4 < <

agent. This system has been shown previously to form well- E -

organized mesostructured materials over a wide range of = | X 10

synthetic conditions. Here, we report the study of energy transfer i

and amplified spontaneous emission (ASE) in mesostructured .

silica thin films doped with coumarin 485 as a donor dye and 005 . 45 5 2'5 5 e 4

pyrromethene 567 as the acceptor dye.

Experimental Section

Sample Preparation. In a typical preparation, 5.02 g of
tetraethyl orthosilicate (TEOS) [Aldrich] was hydrolyzed by
reaction with 1.8 g of water (pH- 2.0 with HCI) until the
solution was homogeneous. Separately, 1.37 g of poly(ethylene
oxide)b-poly(propylene oxidep-poly(ethylene oxide), (E&-
PO0EOz0) [P123 Pluronic, BASF USA, Mount Olive, NJ] was
dissolved in 10 g of THF. The solutions were mixed and 27.7 _. . . - .

. . . . Figure 1. (a) X-ray diffraction pattern of mesostuctured silica thin
mg ,Of 7-(d|methylamlno)-4-(trlf|uoromethyl)coumarln (cou- films. (b) TEM micrograph of the characteristic hexagonal structure in
marin 485) [Exciton] and ©6.6 mg of boron [3-ethyl-5-[1-(4- 5 calcined sample. (c) TEM micrograph of the channel structure in a
ethyl-3,5-dimethyl-2H-pyrrol-2-ylideneN)ethyl]-2,4-dimethyl- calcined sample.
1-H-pyrrolatoxN]difluoro-, (T-4)- (9CI) (pyrromethene 567)

[Exciton] were added and stirred for an additional hour prior to source was the 351 nm line of an argon laser, which was
use. The final molar composition TEOS: THRL®IHCI:P123: separated from the other UV lines using a prism.

coumarin 485:pyrromethene 567 was 1:5.8:4.2:0.00078:0.009:

0.0044:0-0.00089. Thin films were prepared by dip coating at Results and Discussion

10 cm/min, resulting imv900-nm-thick films on freshly cleaned
glass slides over an area of 16 2.5 cn?. Alternatively,
mesostructured silica films were prepared on freshly cleaned
glass slides by spin coating at 3000 rpm for 20 s. All films
were allowed to dry overnight before further characterization.

For ASE measur_e_ments, where (_)ptlmlzed waveguiding is critical shows onlyhQ0 reflections, indicative of hexagonally arranged
to. thr'esholds, SI!ICOI"I wafers with 2D hexagonal mesoporous channels aligned parallel to the substrate plane, as commonly
thin f||m§ on their surface were gsed as suppor'ts. The MEeSO-f4und for mesostructured silica films prepared by P123 block-
porous films were prepared by spin-coating solutions of similar copolymer templating under weakly acidic conditions (SBA-
composition as described.previously, only yvithout the ad(jition 15 type materials). To confirm the ordering, TEMs were made
of the I;aser dye. After drying for 24 h, the films were calcined using calcined samples. Figures 1b and 1c, respectively, show
at 400°C for 4 h. typical TEM micrographs of both the characteristic hexagonal
Characterization Measurements.X-ray diffraction (XRD) structure and channels. Although long-range mesostructural
patterns were obtained on a Scintag PAB diffractometer  ordering might be interesting for certain applications, in our
employing Cu Ku radiation. Transmission electron microscopy case the organieinorganic separation, which defines the
(TEM) was performed using a JEOL 2000 FX microscope and mesostructure itself, is more important. The biphasic nature on
the samples were prepared by scraping off the films after the nanometer scale provides chemically different environments
calcination at 400C for 4 h. UV—Vis absorption measurements  for the dyes. In other words, the chemical surrounding of the
were made using a Shimadzu UV-1610 spectrometer. Photo-occluded species can be tuned, depending on its preference for
luminescence spectra were recorded in asiiup and excited  either of the two nanoseparated phases. Furthermore, it has been
with the 351 nm line from a Spectra-Physics 2065 argon ion demonstrated that dyes that preferentially segregate into the
laser. ASE measurements were performed by excitation at aorganic phase are less prone to aggregation and therefore have
90° angle using light from the third harmonic of a Q-switched higher quantum efficiencieX.
Nd:YAG laser (355 nm, about 10 ns pulse width, 10 Hz  Animportant consideration in energy transfer systems is the
repetition rate). Regions of the laser beam were selected by usingchoice of donors and acceptors. The donor should have a
an adjustable slit and focused by a rectangular lens onto thestronger absorption at the pump wavelength, and its emission
sample (typically to an area of 8 mm0.4 mm). Incident laser  should overlap the absorption of the acceptor. In Figure 2, the
power was measured with a power meter (Molectron). Light emission from coumarin 485 is shown (maximum 515 nm) with
emerging from the end of the waveguides was collected by athe absorption band of pyrromethene 567 (maximtn®20
set of two lenses and focused on the entrance slit of a 0.25 mnm). The shaded section in the figure clearly shows the
monochromator (150 groves/mm). For signal detection, a liquid- significant overlap that indicates an overlap in energy gaps for
nitrogen-cooled CCD detector was used. Quantum efficiency the transitions of the emitting coumarin 485 and the absorbing
measurements were made using an integrating sphere configpyrromethene 567, thus permitting efficient energy transfer from
uration similarly to that described previougfThe excitation the coumarin 485 to the pyrromethene 567.

It has been previously demonstrated that 2D hexagonal
mesostructured silica films prepared using block copolymers
and dip-coating give optically clear films with highly aligned
mesostructural ordering.This is demonstrated in our films by
X-ray diffraction (Figure 1la). The X-ray diffraction pattern
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16000 + 06 drops to 58% and finally falls to 35% for 1:5. This observation
supports our photoluminescence data that energy transfer is very

b efficient. The decrease in overall quantum efficiency as the
- 120004 pyrromethene concentration is increased can be explained by
3 10000 - an increase in self-absorption in combination with dye aggrega-
5 8000 - tion, which probably occurs at these high concentrations. For
@ 5000 4 example, in the 1:5 sample the tota}I weight percent of dye is
2 ~1.24 wt %. Another way to investigate the overall effect of
£ 4000 the donor can best be seen by comparing the emission of
2000 - pyrromethene 567 in films with and without coumarin 485. The
5 f & § maximum emission intensity is more than five times greater

for all systems where the coumarin 485 in present, Figure 3b.

The ability of the energy transfer to enhance stimulated
Figure 2. Emission spectra for coumarin 485 doped mesostructured €mission was probed by studying the possibility of amplified
silica thin films and absorption spectrum of pyrromethene 567 doped spontaneous emission (ASE). The phenomenon of ASE can be
mesostructured thin films. The region where spectral overlap occurs is explained as a result of very high-gain amplification of the
shaded. spontaneously emitted light by stimulated emission. The typical

o ] ] signature for ASE is a gain narrowing effect of the emission

The efficiency of the energy transfer was investigated by peak width when the pump power exceeds a certain thredhold.
measuring the photoluminescence (PL) spectra in a series Ofwhen the energy transfer samples are pumped with the third
samples with different ratios of donor to acceptor. Typical harmonic of an Nd:YAG laser (355 nm) in a9geometry, at
spectra for the donor/acceptor series are presented in Figure 334,y pump intensities a typical broad photoluminescence spec-
Emission from mesostructured silica thin films doped with 1 4y js observed full width half-maximum (fwhm) 50 nm,
wt % coumarin 485 is broad with its maximum at 515 nm. A pigyre 4a. As the pump power is increased, the pyrromethene
pyrromethene 567 (acceptor) is added to the synthesis while5s7 emission begins to narrow until a fully gain-narrowed
maintaining a constant 1 wt % coumarin 485, coumarin's gpectrum fwhm~ 8 to 10 nm is observed (Figure 4b).
(donor) emission is drastically quenched. At low concentrations, Thresholds for the series of donor/acceptors are 100 k&/cm
0.06 wt % pyrromethene 567 [1 pyrromethene for every 20 for 1:5 127 kWw/crd for 1:10, and 175 kW/cAfor 1:20. In all
coumarin molecules (1:20)], virtually no emission from the gsamples, a small fluorescence background was observed around
coumarin is evident. A very weak luminescence from coumarin 550 to 540 nm. Investigations into photostabilities showed the
is observed as a small rise starting at around 450 and continuingsamples to be stable for a few thousand pulses at low pulse
to 500 nm. However, a strong emission from the pyrromethene ate5 slightly above threshold, but no efforts have been made
567 with its maximum at 545 nm is present. As the concentration a¢ gptimizatior?*
of acceptor is increased to 0.11 wt % (1:10 by molecules), the  rqr comparison purposes, stimulated emission was investi-
donor emission reduces to merely a slight rise before the intensegated in samples with no donor present, only pyrromethene 567,
pyrromethene 567. Finally, at 0.24 wt % pyrromethene 567 (1:5 g for pure donor, coumarin, systems. The only sample that
by molecules), no donor emission is observable while the ,qenvent full gain narrowing was the 0.24 wt % pyrromethene
acceptor’s emission is readily seen. Furthermore, no wavelengthg g sample (1:5 blank) and its threshold was over twice as high
shifts occur for pyrromethene’s emission peak as its concentra-j, comparison to the donor/acceptor system. For the 1 wt %
tion is increased, or compared to its emission without the coumarin (donor), 0.06 wt % and 0.11 wt % pyrromethene 567
presence of donor. The strong quenching at low concentrationssammes no gain narrowing was observed at the highest measured
of acceptor indicates that the energy transfer is highly efficient. pump intensities~ 350 KW/cn?.

To better quantify the energy transfer, the total efficiency of
the system was investigated by measuring the quantum efficien-Conclusions
cies of the films using an integrating sphere technifughe We have demonstrated energy transfer between coumarin 485
quantum efficiency for the mesostructured silica thin film with and pyrromethene 567 in mesostructured silica thin films. Even
1 wt % coumarin 485 donor is 48%. Upon doping with a small at low concentrations, one pyrromethene for every twenty
amount of pyrromethene 567, 1:20, the quantum efficiency for coumarins, the dominant emission peak is from the pyr-
the multiple dye composite jumps to 74%. As the concentration romethene. As the concentration of pyrromethene increases, the
of pyrromethene 567 is increased to 1:10, the quantum efficiency luminescence from the coumarin progresses from partially to
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Figure 3. (a) Photoluminescence spectra for coumarif), pyrromethene:coumarin 1:26(—), 1:10(— - —), 1:5(--), in mesostructured silica thin
films. (b) Photoluminescence spectra for 0.24 wt % Pyromethene 567-doped mesostructured silica films with 1 wt % coumarin-A86d
without coumarin 485¢).
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Figure 4. Photoluminescence spectrum for 1:5 sample (a) below ASE
threshold, and (b) above ASE threshold.

fully quenched while the peak position of the pyrromethene 5
remains constant. Investigations into amplified spontaneous
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