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Single dye molecules in an oxygen-depleted environment as photostable
organic triggered single-photon sources
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We demonstrate, that under nitrogen atmosphere, 20% of single ;d8IC (1,1'-di-
octadecyl-3,3,33'-tetramethylindocarbocyanine perchlopatenolecules in polymethylmeth-
acrylaté show an extremely low photobleaching quantum vyield of (4687)x 10 8 together

with a reasonably short triplet lifetime. We exploit these properties to demonstrate that the system
can be used to produce a triggered single-photon source based exclusively on organic materials.
© 2004 American Institute of Physic§DOI: 10.1063/1.1667591

Ensemble and single-molecule fluorescence experimentsiden, The Netherland$-282)] in toluene by spin coating
with organic dyes are limited by photobleaching. Photo-onto cleaned microscope cover slips. The resulting films
bleaching irreversibly terminates the emission of a singlehave a thickness of 10 nm as measured by atomic force mi-
emitter in a single step after a period of fluorescence emiseroscopy. Prior to spin coating, the cover slips are baked at
sion. Typical photobleaching quantum efficiencies for or-500 °C in an ambient atmosphere #®h in order to remove
ganic dye molecules range between iGor molecules in  fluorescent contaminants. Importantly, blank samples con-
solvents! over 10 8 in polymeric hostg; and the extraor- ~ sisting of polymer films without Dil were prepared for each
dinarily small value of 108 for molecules in a molecular measurement and investigated in parallel to ensure the ab-
crystal® Much effort has been devoted to the understandingsence of contaminations.
of photobleaching and finding ways to decrease the photo- The molecules were excited at an average power of 4
bleaching quantum efficiency. This would strongly benefit allkw cm™2? at a wavelength of 532 nm by a ps-pulsed
types of single-molecule experiments ranging fromfrequency-doubled Nd:Van las¢GE-100, Time-bandwidth
biophysical to quantum optics and communication Products, Zurich, Switzerland, pulse width 8 ps, 80 MHz
experiments. The current understanding, though far from repetition rat¢ and focused to a diffraction limited spot by an
being complete, suggests an important role of singlet oxygenil immersion microscope objective with a numerical aper-
that is created in the immediate vicinity of the molecule byture of 1.3. The small active area of a single-photon counting
self sensitization involving triplet—triplet annihilati®m®  module [(SPCM AQR-13, Perkin Elmer, Fremont, CA
This view is supported by the fact that the triplet-state life-served as the confocal pinhole in the detection path. Fluores-
time is strongly reduced in the presence of oxy§el. cence images were recorded by raster scanning the sample
Moreover, the photobleaching quantum yield of rhodaminethrough the focus and counting the photons for each pixel
6G in oxygen-depleted polymer films was found to be de-within a selectable integration time.
pendent on the excitation intensity. Here, the triplet state is  To remove ambient oxygen from the sample, a tube of
thought to be a precursor for the photobleaching reac¢tidh. about 1 cm inner diameter was fixed closétyl mm) above

In this letter, we report that for a subensemble of organicthe sample and connected to a nitrogen gas bottle. A laminar
dye molecules embedded in-al0 nm polymer film in a flow of nitrogen gas was established to remove the ambient
nitrogen atmosphere, a 60 times decreased photobleachimgygen. The removal of oxygen is a very fast process due to
quantum yield, even at elevated excitation intensities is obthe fast diffusion of gases in PMMZ. To re-establish am-
served. At the same time, the triplet lifetime is low enough tobient oxygen, the tube was removed from the sample and the
allow considerable fluorescence emission rates. We demomitrogen supply was turned off.
strate that for single emitters, count rates of 40 000 photons/s Figures 1a) and Xb) show subsequent scans recorded at
can be maintained for as long as 500 s. Start—stop0 ms pixel integration time of the same area illustrating the
experiment¥* performed with ps-pulsed excitation of single characteristic difference in the emission of single Dil mol-
dye molecules in the polymer matrix show clear antibunchecules in PMMA in the presence and absence of oxygen. The
ing characteristics and demonstrate a single-photon sourgmages are scanned from the bottom to top and the lower half
based on organic materials. of Fig. 1(a) was recorded in the presence of ambient oxygen.

Samples are prepared from a cosolution of polgthyl-  The molecules fluoresce brightly with peak count rates ex-
methacrylatg [(PMMA) 10 mg/m] and Dil [1,1-di- ceeding 100 counts/ms. Triplet blinking and photobleaching,
octadecyl-3,3,33'-tetramethylindocarbocyanine perchlorate evident from occasionally visible dark pixels and half-moon-
(DilC1g(3)), 10 M, obtained from Molecular Probes, shaped spots, respectively, demonstrates the observation of
individual molecules. As the nitrogen flow is turned on after

dauthor to whom correspondence should be addressed; electronic maih‘_”‘lf way through the scafarroy\o,_ a Stl’(_)ﬂg increase in the
bert.hecht@nano-optics.ch triplet lifetime is observed. This is obvious from the hardly
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FIG. 1. Scanning confocal optical microscopy of single Dil molecules in 2564
PMMA. Scan direction bottom to top, 25&56 pixels, integration time 10
ms/pixel.(a) and(b) show subsequent scans of the same area. Lower half in

(a) and upper half in(b) recorded without supplying N(ambient oxygen

presenk In the presence of nitrogen, for most of the molecules, the triplet o i g
lifetime increases instantaneously; obvious from the hardly visible fluores- 0 80 160 0 . 10 40 80 0 ” 1
cence patterns. Note the existence of a subensemble of moldbuigist Boantsims pesitiom (o) countms wesliion (Hm3
spots that are hardly affected by the absence of oxygen.

FIG. 2. Successive line scans over single QYCL um, 256 pixels, 5
ms/pixe) with an excitation flux of about 4 kW cn? until photobleaching

visible fluorescence patterns that appear to be interrupted tfycu”e“-(a) Sample exposed to oxygefh) sample under laminar nitrogen
long and frequent dark periods. The duration of the tripletfow'

dark states estimated from the duration of dark periods is

about 100-120 ms, in agreement with previousdomly. In the oxygen-depleted polymer under the nitrogen
findings?3%%1n Fig. 1(b), the same area is scanned, how-flow, we selected the species of DilCwhich exhibited a
ever, with the N supply in the lower half and ambient oxy- triplet lifetime short enough so that they yielded an appre-
gen in the upper half showing the reverse behavior as in Figciable count rate above background also in the absence of
1(a). This demonstrates the reversibility of the observed trip-oxygen at a pixel integration time of 5 ms.

let quenching effect. Figure 2 compares typical traces of repetitive line scans

Surprisingly, even in the absence of oxygen, roughlyof single Dil in [Fig. 2] the presence of anfFig. 2(b)]
20% of all molecules still appear as bright undisrupted patabsence of oxygen. The molecule in contact with ambient
terns in the image in Fig. 1. The obviously short triplet life- oxygen in Fig. 2a) maintained about 10010° counts/s peak
time, in spite of the absence of the triplet quencher oxygenpixel intensity for about 40 s. The molecule shown in Fig.
indicates that for such molecules alternative pathways fo2(b) in an oxygen-depleted environment showed a peak pixel
reverse intersystem crossings do eXisthe peak emission intensity of approximately 8@ 10° counts/s for roughly 800
rate with decreased triplet decay rate is slightly reduced as. Note again the decrease of about 20% in the pixel count
expected within the steady-state description of a three-levehte. Following the analysis described in a previous study,
system. Accordingly, we find that the maximum pixel countwe have quantitatively determined the photobleaching quan-
rate detected on average from 21 molecules in the presentem efficiency ¢,=(n¢¢)/N from the total numbemN of
of oxygen is about 140 10° counts/s, and 12010° counts/s  photons detected from each molecule. The detection effi-
under nitrogen flow. The fluorescence emission behavior ofiency of our setup i$;=0.065. For the fluorescence quan-
this group of molecules was thus hardly distinguishable frontum yield, we chosep;=1 which probably underestimates
those of molecules in the presence of oxygen and is investihe resulting photobleaching quantum yields.
gated further in the following. It is important to note that Figure 3 shows the distributions @, resulting from
here we take full advantage of the fact that in a single-about 250(oxygen and 120(nitrogen molecules. Visual
molecule experiment, one can select only those moleculésispection immediately shows that the photobleaching quan-
for further analysis which show a desired behavior. This is dum vyield is strongly increased in the presence of oxygen.
unique feature of single-molecule experiments and stronglyror a quantitative assessment of the data, we fitted the dis-
improves the accuracy and reliability of results. tributions in Fig. 3 using the distribution functioR( ¢y)

We have selectively investigated the photobleachingzcexp(—¢0/¢b)/¢§. Here,c is a normalization constant and
quantum yield of the species with the apparently short tripletpo/2 is the most probable photobleaching quantum effi-
state lifetime under nitrogen and compare the results to theiency. This distribution function is derived by assuming that
case of molecules in the presence of oxygen. Toward thithe survival probability of a molecule decreases exponen-
end, we performed repetitive line scadsum, 256 pixels, 5 tially with time and that the number of detected photons is
ms/pixe) over single fluorescence molecules until the mol-proportional to this survival time. In the presence of oxygen,
ecule photobleache@ee Fig. 2 Data with and without oxy- we obtain ¢§¥9°"=(2.9+0.2)x 10" °, whereas in the pres-
gen were taken from the same sample. The resulting imageshce of nitrogen the fit yieldg{ %"= (4.96+0.1)x 10 8.
were stored on a personal computer and processed with Igdihis means that the photobleaching is reduced under a nitro-
Pro (WaveMetrics, Inc., Oreggn To determine the total gen atmosphere compared to ambient conditions by a factor
numbers of emitted photori¥, for each molecule, the most of ¢3¢ ¢g""°9*"=60.
frequent pixel count rate at background level was subtracted Since the photostability of the observed subensemble of
for each line scan and the remaining counts were integrate@il molecules in PMMA under a nitrogen atmosphere

In the presence of oxygen, molecules were selected rameaches high values for organic systehwmyr results are of
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