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Photobleaching is a severely limiting factor in the optical study of single biomolecules. We investigate the
photobleaching of rhodamine 6G (R6G) ensembles in poly(vinyl alcohol) (PVA) as a function of illumination
time, excitation intensity, the presence of oxygen, and temperature. We observe nonexponential kinetics related
to primary photobleaching through two dark statéise triplet state and a radical anieand to secondary
photobleaching after the optical excitation of those dark states. Reactions of the metastable states with oxygen
can lead either to photoproducts or to a recovery of the ground state. Oxygen can therefore enhance or reduce
photobleaching, depending on the experimental conditions. At low temperature, photobleaching is reduced
although not completely suppressed. Despite the presence of the long-lived radical anion, we are able to
observe single R6G molecules in PVA. At room temperature, only relatively bleaching-resistant molecules
are resolved as individuals. At low temperature, the observation times become considerably longer. Our study
shows that metastable states other than the triplet drastically affect photobleaching.

Introduction the full range of relevant time scal&dn this paper, we consider

Although hardly any biological molecule intrinsically fluo- rhodamine 6G (R6G) in PVA as a model system to explore the

resces at convenient excitation wavelengths, a biomolecule canP"0toPleaching mechanisms in hydrophilic matrices.
be labeled with fluorophore(s) in a controlled manner for optical 1 "€ photobleaching mechanisms of organic dyes are complex

investigation. The study of biomolecules has become an @nd mostly unknown. They probably follow different pathways

important application of single-molecule optics, especially at involving various intermediates. For instance, the photobleaching

room temperatur&:® However, the time scales and the range of Cy5 in watet’ involves at least three metastable intermedi-
of optical experiments on biological systems at room temper- &€S- Some of these bleaching reactions need oxygen, and others
ature are considerably limited by photobleaching. Bleaching is '€duire the optical excitation of an _mt_ermedlate. Itis the_refore
the irreversible conversion of a fluorescent molecule or particle difficult to present a general description of photobleaching. A
into a nonfluorescent entity. In most cases, this process isUSeful way to distinguish photobleaching pathways is to
photoinduced and hence is called photobleaching. Two circum- catégorize them according to their dependence on experimental
stances make photobleaching especially detrimental to theParameters. First of all, a given photobleaching pathway
optical study of single biomolecules. The first one is working pfoceeds either by direct reaction from an excited state (singlet,
at room temperature. Photobleaching efficiency increases with fiPlet, or another metastable state) or by a “secondary”,
temperature because more reaction pathways become activated)_hotomduce_d reaction of one of these _s_tates, which thus requires
The second one is the water or waterlike environment required the absorption of one or more additional laser photons. In
by biomolecules. In aqueous solution, fluorophores are easily Principle, only the “primary” pathway should be observed at
attacked by small reactive molecules such as oxygen or Waterlow en_ough intensities. However, th_e lifetime of dark states is
itself. sometimes so long that the two kinds of processes can be
The observation times in biological studies can be lengtheneddifficult to distinguish in practice. Another way to distinguish
by removing oxygen with scavengér& Another option is to photobleaching mechanisms is to study the. gffect of the
use semiconductor quantum dots as labels for biomoleddfes ~ atmosphere and the temperature. The multiplicity of photo-
because they are generally more photostable than organic dyegleachlng mechanlsms leads to a huge spread in the observation
and autofluorescent proteidHydrophilic matrices other than ~ imes of single molecules already at room temperature for
water, for instance, the polymer poly(vinyl alcohol) (PVA) and ldlfferent. compounds an.d expenmental conditions. To give an
sugars such as trehalose, have also been applied as matricd§Pression, the bleaching time can reach several hours for
for experiments on single biomolecufégSThese matrices have  tefTylene inpara-terphenyl under an argon atmosphtbuit it
the advantage of allowing the incorporation of biomolecules does not gxceed some hundreds of milliseconds for tetrameth-
into a rigid structure and in a less reactive environment than Yifhodamine (TMR) attached to DNA at a surfa€e.
water. Nevertheless, the average observation time of single Primary Oxygen-induced Photobleaching.At room tem-
molecules in these matrices at room temperatbii) to 20 s, ~ Perature, oxygen is generally regarded as the most important
is still too short to study slow biological processes such as reagent in photobleaching. Oxygen is believed to react in its

protein folding by following one and the same molecule over singlet excited state, itself generated by reaction with the dye’s
triplet state. The oxidation mechanisms and products are poorly
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the photooxidation products of single terrylene molecules are triplet state and the radical anion of R6G. We extend our model
peroxides and diepoxides. In most single-molecule experimentsof photoblinking to the photobleaching kinetics and obtain
in an air atmosphere, the observed photobleaching can bequalitative agreement with the data. We perform single-molecule
attributed to photooxidation reactiols22 In ensemble studies, measurements to compare qualitatively with the ensemble
this is only the case at low dye concentrations=¢1®1 and results. Single molecules can be observed despite the long-lived
lower) 2328 The diffusion constant and solubility of oxygen in  radical anion. The fluorescence dynamics of the single molecules
the host matrix (resulting in the so-called permeability to are in good agreement with the ensemble results.

oxygen) are important factors in the efficiency of photooxidation

reactions. In the case of PVA, oxygen diffusion is enhanced Experimental Section

when water is present in the polymer, softening its structisfe. _ . .
P The sample preparation has been described previétslye
Because the temperature also affects the rigidity of the polymer, ) . . . -
" pera’u d poy concentration of R6G in the PVA films is 2.0 1075 M in the

hotobleaching can be applied as a probe for the glass transition, ) - .
25 was done ?or PVAT, p:p 350 K) 26F,)27,30 g ensemble experiments and xQL0~° M in the single-molecule

. . . N experiments. Fused-quartz substrates are used in the ensemble

. Primary Photoblegchlng without Oxygen.Photoomdaﬂon study because of their low fluorescence background, which
is not the iny. primary photob!ea_chmg pathway be_cause allows us to observe the long-time “tail” of the photobleaching
photobleaching is still observed in inert atmosphétés,in curves. Glass substrates suffice for the single-molecule experi-
deoxygoenated samplés, or Wh?n. OXygen SCavengers ar€ - mants pecause of the confocal background suppression. For the
addedt® However, thg characteristic pleachlng tlme's are about single-molecule experiments, the 1 wt % PVA solution is
.1t0 2_orders of magnitude longer. Th_|s photoblea_chlng pathvv_ay “cleaned” by irradiation for a few hours with a 100-W xenon
IS be_lleved to proceed Fhro_ugh reactions of the triplet state with arc, the output of which is sent through a water filter to remove
matrix molecules or with impurities other than oxygen. Such o qeep ultraviolet and infrared parts. Furthermore, the single-
non-oxyge.n-rn.edlated channels can become. equally Important ;5 jecyle samples are dried overnight in a vacuum exsiccator.
as photooxidation and lead to complex bleaching beha\(lor. This The excitation wavelength (continuous wave) is 514.5 nm in
has been observed for ensemBte®27:28as well as for single both experiments.
moleculed®3 Of, xanthene dyes such as fluorescein. The ensemble experiments are performed at variable intensity

Photobleaching of Metastable StatesSecondary photo- (2 5 tg 320 Wi/crd), atmosphere (nitrogen, helium or air), and
bleaching of metastable intermediates dominates the primarytemperature (10 K to 295 K) in a setup described elsewHere.
processes at high excitation intensities (higher than 1 MJcm  Ag in our photoblinking experimentdwe use a pinhole-array
where excitation of the excited singlet may also occur, but it 155k (prepared at the Laser Centre of Loughborough College)
can take place at much lower intensities for long-lived meta- ith 10 x 10 holes of diameter 4@m to restrict the dimensions
staple §tate’5?The hlghly.excned states generated py secondary of the illuminated sample and to achieve a homogeneous
excitation are very reactive and are therefore partlcularly_pro_ne excitation field over the studied area. To compare time traces
to photobleaching?** For the same reason, photobleaching is recorded at different excitation intensities directly, we always
also enhanced by two-photon compared to one-photon excita-normalize the measured fluorescence intensity to the excitation
tion**37 or when the molecule sees a high infrared intensity, intensity. This normalized quantity is defined as the emissivity
for example, in an optical traff. However, as a further  qf the ensemble, which is in turn normalized to the emissivity
complication, the excitation of metastable states such as thegf the given hole at 65 mWi/chto correct for slight differences
triplet can repopulate the singlet state (e.g., by reverse inter-in the area of the holes). To obtain the complete emissivity decay
system crossirig), potentially leading to a reduction of pho-  race due to photobleaching at a given intensity, a trace with a
tobleaching. high temporal resolution (1 to 100 ms, depending on the

Photobleaching and Temperature Lowering the tempera-  excitation intensity) and a short duration (up to 30 s after
ture leads to a drastic decrease of photobleaching. Mostunblocking the laser) is combined with a low-resolution (2 s),
photobleaching processes are chemical reactions that mustong-time trace (30 to 506680 000 s after unblocking the laser).
overcome an activation barrier. The immobilization of reactive  The single-molecule experiments are performed at 295 K in
molecules such as water at lower temperatures can also furthegir and nitrogen atmospheres and in liquid helium at 1.5 K with
reduce photobleaching. Single terrylene molecules on a surfacethe home-built laser-scanning confocal microscope of reference
were shown to survive considerably longer below the freezing 42. To the original setup, we have added an optical shutter
point of water* (Uniblitz, Vincent Associates), a laser-line cleanup filter (Laser

In a previous papett we have reported the emissivity of an  Components LCS10-515-F), a dichroic beam splitter (AHF
ensemble of R6G molecules in PVA under optical excitation. Analyzentechnik HQ530LP) to separate the excitation and
We could distinguish two parts in the time decay: the faster detection light, and in the detection path a spatial filter and a
component was reversible and related to the photoblinking of notch-filter centered on 514.5 nm (Kaiser Optical Systems
individual molecules. The second component was irreversible HNPF-514.5). The detection and excitation are performed
and related to photobleaching. We have identified the main through an objective with a focal length of 2.45 mm and a
transient species involved in the photoblinking as the radical numerical aperture of 0.9. The objective is placed in the cryostat,
anion of R6G, formed through the triplet. This metastable state and its focal spot has a fwhm of approximately 600 nm.
must be considered in the discussion of the photobleaching of The experiment is controlled by an ADWin-based system
R6G in PVA. In this paper, we investigate the observed (Keithley Instruments), with which we can automatically
photobleaching kinetics as a function of time, intensity, tem- position molecules in the excitation focus while minimizing their
perature, and the presence of oxygen. We again work with anexposure to the laser before recording time traces. From such a
ensemble because it directly provides us with the overall time trace, we obtain the bleaching time (i.e., the time it takes
photobleaching behavior, whereas a quantitative single-moleculefor the molecule to bleach under a given intensity of continuous
study would require exhaustive statistics. We observe complexirradiation). The excitation intensities reported in this paper are
photobleaching behavior, which indeed involves the lowest free-space intensities, which are not corrected for the local field
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Figure 1. Emissivity decay traces due to photobleaching at three Figure 2. (a) Comparison of photobleaching time traces obtained in
different excitation intensities: 2.5, 16, and 320 W#dm (a) air at air or the inert atmosphere (nitrogen) at room temperature at 2.5 and
295 K, (b) nitrogen at 295 K, and (c) helium at 10 K. In plot a, the 320 Wi/cn?. (b) Photobleaching time traces obtained in the inert
trace of open squares indicates a single exponential. Fits according toatmosphere at 295 and 10 K at 2.5 and 320 W/dg) Variation of
the model presented in Figure 6 and derived in the Appendix are photobleaching with temperature for 2.5 WAMIl traces, besides
indicated with dashed lines when they take only primary bleaching the one at 205 K (c), are also shown in Figure 1.
processes into account;(@nd b) and with solid lines when they also
take secondary bleaching processes through the excited states of D angompares photobleaching time traces recorded in air and the
T1(bs and b) into account. In plot a, the dashed and solid lines overlap jnot a1mosphere and traces at different temperatures. Both
for the two lower intensities, so only the solid line is visible. . S o
figures show that, as a result of photoblinkitigthe initial
emissivity level decreases with the intensity. All traces strongly
deviate from single exponentials (cf. Figure 1a). Furthermore,
cn? in liquid helium. The images are recorded with higher :Ee _sk;ape_tof_ the photobl;eaFc_hlng tiaces clearly changes when
intensities, up to 8 kW/chat room temperature. Because the € _|n ensity increases (cf. Figure )_' . o
single-molecule experiments are mainly meant as a comparison  Figure 2a shows that photobleaching is more efficient in air
to the results of the ensemble experiments, only 40 to 100 than in the inert atmosphere at low intensity. This leads to a

and index of refraction. Typical excitation intensities used in
this work are 1.5 kW/crhat room temperature and 0.4 kW/

bleaching events are acquired for each set of conditions. ~ €rossing of the curves. However, the same figure shows that
the situation at high intensity is quite different. The bleaching
Results curve in nitrogen stays below the one in air, at least during our

observation time. This is a surprising result because it implies
Ensemble Experiments.Figure 1 shows photobleaching that photobleaching is more efficient in the inert atmosphere
traces recorded at three different excitation intensities in air and than in air at high intensity. However, the two high-intensity
nitrogen at room temperature and in helium at 10 K. Figure 2 traces (cf. Figure 2a) come closer at longer times, which suggests
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15 From every trace, the bleaching time of the molecules is
determined. Two remarks about these times have to be made.
First, the bleaching time, defined previously as the total duration
of the time trace until bleaching, is not the same as the total
time the molecule emits because of blinking. Second, we have

10 to set a maximum waiting time to distinguish between bleaching

=150 and blinking with long off times. This procedure introduces
some arbitrariness into the results. Figure 5 shows the histograms
z of the bleaching times obtained from the time traces recorded
5 = for the three different experimental conditions. The shape of
= the histograms differs significantly between room temperature
§ and low temperature. At room temperature, the distributions of
(=]

the bleaching times are fit reasonably well with a single-
exponential, although a significant nonexponential tail is present

00 5 5 10 5 4 (cf. insets in Figure 5a and b). The average bleaching time in
N air is roughly half as long as in the inert atmosphere, 11 versus
position [pum] 22 s. At low temperature, the histogram is completely different.
Figure 3. Confocally scanned fluorescence image 635 um?) of The bleaching times are spread over orders of magnitude, and

a poly(vinyl alcohol) film containing rhodamine 6G molecules measured one-third of the molecules live longer than 1000 s. Some
at 1.5 K in liquid helium. The image consists of 256256 points and molecules were even found to bleach only after more than 1 h.
is recorded with a time resolution of 10 ms/point at an intensity of 0.8

kW/cne. The sizes of the spots (about 600 nm) are limited by the optical Discussion

guality of the objective in liquid helium. Most of them stem from single

rhodamine 6G molecules. Simulations of Ensemble Photobleachingn the most naive

model, photobleaching is a one-photon process with a constant

that the most bleaching-resistant molecules are more stable inquantum yield3, in which the number of surviving molecules,
the inert atmosphere than in air. N, decays exponentially with the number of absorbed photons,

Figure 2b shows the effect of temperature at low and high oQt:
intensities. In our time window, at 10 K hardly any photo-
bleaching is observed at 2.5 W/&nwhich is clearly not the N = N, exp(=poQY) 1)
case at 320 Wi/ch although the photobleaching is much
reduced with respect to 295 K. Figure 2c shows that the most whereo is the absorption cross section of the dye &nis the
pronounced change takes place between 295 and 200 K. Thisnumber of photons per unit time and unit area. The cross section
is also observed at the higher excitation intensities (data noto is supposed to be independent of laser intensity as long as
shown). this intensity is much smaller than the saturation intensity of

Single-Molecule Experiments.Figure 3 shows a typical  the three-level system including the triplet state. As pointed out
example of a 15< 15 um? fluorescence image generated by in the Results section, the curves of Figure 1 immediately show
our setup at 1.5 K in liquid helium. From each spot in a given that this single-exponential behavior can in no way describe
image, we can obtain a fluorescence time trace; a few examplesthe observed photobleaching. Furthermore, the strong depen-
are shown in Figure 4. Only the traces consisting of the dence of the shape of the curves on intensity shows that
contributions of one or two R6G molecules are used for further photobleaching is not a function of the photon do®g, only
analysis. In this way, 89 time traces have been obtained at 295but that the cross section must depend on the excitation intensity
K in air, 58 at 295 K in nitrogen, and 37 at 1.5 K in liquid already at weak intensities. This latter conclusion is not
helium. In these traces steplike bleaching behavior is observed,surprising because our study of photoblinkihthas demon-
which confirms that the signal arose from single molecules. The strated the importance of two dark states (triplet and radical
time traces of very bright spots (cf. the top left corner of Figure anion) in the photophysics of rhodamine dyes under illumina-
3) generally show multistep photobleaching, which indicates tion. These dark states deeply affect the photobleaching kinetics.
the presence of several molecules. Besides bleaching, blinking To understand the observed photobleaching curves (cf.
can be observed in the time traces. The off times can becomeFigures 1 and 2), we start from our photoblinking model for
very long, up to tens of seconds, as is visible in the lower trace R6G in PVA*! Most of the molecules (about 95%, which we

of Figure 4b, for instance. call population 1) quickly go from their triplet state to the radical

z a 2 T=295K b - T=15K c
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2 S R e L I
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Figure 4. Examples of fluorescence time traces of single rhodamine 6G molecules in poly(vinyl alcohol) obtained in (a) air at 295 K, (b) nitrogen
at 295 K, and (c) liquid helium at 1.5 K. The time resolution is 100 ms at 295Klam at 1.5 K, and thimtensities are 1.5 kW/cfrat 295 K and
0.4 kW/cn? at 1.5 K. Some of the time traces show contributions of two molecules, such as the lower trace in plot a.
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— 604+ describing the photobleaching of 95% of the rhodamine 6G (R6G)
2 50 molecules in poly(vinyl alcohol) and (b) the five-level system describing
8 40 the photobleaching of the remaining 5% of the R6G molecules. Both
S schemes include the electronic ground stag (Be first excited singlet
E 404 30 state (9), the lowest triplet state (J, and the bleached “state” (B). In
8 20 addition, part a contains the radical anion of R6G in the ground state
o 10l|\t=22s (Do) and in an excited state () and part b contains an excited triplet
20+ 1 - state (T) of R6G. Solid arrows indicate radiative transitions; dashed
00 80 160 230 330 400 arrows, blinking transitions; dotted arrows, bleaching reactions; and
H dashed-dotted arrows, internal conversion.
0 I_ll_lrh_lﬂll_"_| =" T S
0 200 400 600 800 1000 can in principle be involved. (Ss assumed to be stable in the
absence of light, i.e., no bleaching is observed in the dark.)
80 — 7/ Introducing bleaching rates fromy@®o), T1(by), and Dy(by) as
T=1.5K, liquid helium c fitting parameters, we obtain the dashed curves in Figure 1. In
60 42 events the actual fitting procedure (cf. Appendix)y cannot be fit
i independently fronto; andb,. Therefore, we have neglectbgl
for the sake of simplicity. We have applied the known literature
404 value for the bleaching quantum yield of R6G in aerated ethanol
at low intensity® to describe the photobleaching of population
2. Moreover, we have distributed the bleaching rates (cf.
20- Appendix) to better account for the strong nonexponential
character of the observed photobleaching curves (cf. Figure 1).
|‘| The dashed curves simulate the photobleaching in air at room
oHooog o opdfl (1) o temperature satisfactorily (Figure 1a), but when we apply this
0 200 400 600 800 >1000

Bleaching time (s)

model to high intensities either in the inert atmosphere (Figure
1b) or at low temperatures (Figure 1c), the simulation is very

Figure 5. Histograms of bleaching times obtained in (a) air at 295 K poor.

at 1.5 kw/cn, (b) nitrogen at 295 K at 1.5 kW/ctnand (c) liquid Photobleaching is obviously accelerated with intensity, and
helium at 1.5 K at 0.4 kW/cf In each diagram, the total number of ~We have to introduce secondary processes. In other words, we
studied bleaching events is indicated. The insets in plots a and b showassume that the molecules of population 1 can be excited from
single-exponential fits of the respective distributions, yielding an Dgto a higher excited state f the radical, from which they
average bleaching time of 11 s in air at 295 K and 22 s in nitrogen at pleach at a rate dfs. We also have to introduce such a bleaching
fgﬁ;g%ﬁéﬁ%ﬁf;%oetzlh'smgramsas'gn'f'cam nonexponential "tail” -\ annel for population 2 (5% of the molecules with only the
triplet as a dark state), with associated rateto simulate the

anion dark state, from where they return to the singlet ground bleaching behavior at longer times. From the literatdréwe
state after a comparatively long radical lifetime (microseconds have indications that both dark states indeed absorb at 514.5
to seconds). The remaining molecules (approximately 5%, which nm. The complete model describing the photobleaching of both
we call population 2) do not form the radical anion but decay populations, 1 and 2, is shown in Figure 6. This model fits all
directly from the triplet state to the singlet ground state. These photobleaching curves in a qualitative way. Note, however, that
dark states must be reactive intermediates in photobleachingthe shape of the fitted curves differs from that of the data, which
because if they were not they would “protect” the molecules may indicate that our logarithmic distributions (cf. Appendix)
from bleaching. In that case, photobleaching would saturate asare not correct or that our model is still incomplete (i.e., that
soon as the dark states were populated, which happens at verynore mechanisms and/or more intermediate levels should be
low intensities’! The data of Figure 1 show that photobleaching considered). Our point here, however, is not to describe
does not saturate but proceeds at a lower and lower rate withbleaching quantitatively but rather to propose and discuss
time. Thus, we will have to introduce bleaching processes from plausible mechanisms for the main dependence of bleaching
the dark states. on the intensity, atmosphere, and temperature.

Let us first consider that only primary bleaching of the excited =~ Nonexponential Photobleaching Kinetics.The observed
states takes place. Any of the three excited statgsT:S Do, nonexponential kinetics of all distinguishable photobleaching
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processes (primary bleaching and secondary photobleaching ointermediates have been observed at low temperature in a
dark states of the molecules in population 1 and 2, cf. Table 1 fluorescence study of pentaceffe.
in the Appendix) may be related to the many different reaction  Photobleaching of Single MoleculesOur single-molecule
pathways probably contributing to each process. Comparablestudy is intended to be a qualitative comparison of the ensemble
experiments on fluorescéi?® also revealed nonexponential  results. At room temperature, the histograms of the observed
photobleaching dynamics, although the triplet was supposed tobleaching times in the single-molecule experiments (excitation
be the only reactive metastable state. In one of their papers,intensity 1.5 kW/crf), can be fit with a single bleaching time
Talhavini and Atvar# fit the photobleaching of fluorescein at  (cf. Figure 5a and b) of 11 s in air and 22 s in the inert
a comparable concentration in PVA with a single rate. However, atmosphere. Although both histograms are clearly not single-
their experiments have a limited dynamical range, which makes exponential, the fit provides us with an average bleaching time.
it difficult to discern nonexponential behavior. Both average bleaching times are considerably longer than those
On the grounds of our simulations, it is impossible to Observed in the ensemble experiments at 320 Wicfnlower
determine which population (1 or 2) contributes to the tails of Plots in Figure 2a). Furthermore, the bleaching times of the
the bleaching curves (cf. Figures 1 and 2). single molecules are shorter in air, in contrast to those of the
bulk (cf. Figure 2a). The longer bleaching times indicate that
the single molecules constitute a relatively bleaching-resistant
subpopulation. These molecules contribute to the ensemble
curves of Figure 2b mainly in the region after 10 s. (The
intensity in the single-molecule experiments is 5 times higher.)
As has been pointed out previously, these molecules bleach
faster in air than in the inert atmosphere, in agreement with the
single-molecule observations. The reduction factors of photo-
bleaching efficiency on going from air to the inert atmosphere,
1.5 for the ensemble curves (between 30 and 100 s) and 2 for
the single-molecule experiments, are in reasonable agreement.
9n the inert atmosphere, more molecules bleach at low illumina-
tion doses. This is expected to lead to lower numbers of
Betectable molecules, but we have not tested this experimentally.

The average bleaching time in air at 1.5 kW/cil s, agrees

Photobleaching and Excitation. The change in the shape
of the photobleaching curves, correctly reproduced by our
model, is caused on one hand by the saturation of the radical
population at low intensit} and on the other hand by the
secondary photobleaching of this radical anion (and, less
importantly, of the triplet state). Normally, secondary photo-
bleaching of intermediate states is significant only at very high
excitation intensitieg33> However, because the radical anion
has a much longer lifetime than the triplet states, secondary
photobleaching of the radical becomes significant at 2.5 WW/cm
(at least in the inert atmosphere). The secondary photobleachin
of the triplet for population 2 mainly takes place at times longer
than minutes, when the molecules have absorbed a comparabl
number of photons as in high-power but short-time experi-

ments33:35 o . < e -
. ) well with times reported earlier for similar excitation conditions.
Photobleaching and the AtmosphereThe primary bleach- e et 4125 report 15 s for R6G in trehalose at roughly 1 kW/

ing from both dark states (triplet and radical anion) is, as cm?, Hou et aP? report 12 s for nile red in PVA at ap-
expected, enhanced by oxygen (cf. Table 1 in the Appendix). proximately 1 kWicr, and Hernando et 4f report 11 s for
However, the secondary photobleaching from both dark statesie(ramethylrhodamine-5-isothiocyanate in PVA at 4.5 kWicm

is so much reduced in air that it becomes negligible. This gor the data in nitrogen, no direct comparison is available, but
reduction leads to the paradoxical observation that at high for systems with the triplet as the only dark state, the reduction
intensity, photobleaching is much faster in the inert atmosphere bleaching efficiency relative to that in air is at least 1 to 2
than in air (cf. Figure 2a)! At first sight, the reduction seems to grgers of magnitud&213132Therefore, the observed reduction
anion?* by 1 order of magnitude, and of the triplet st&#é?  those with the triplet as the only dark state. The smaller factor
by 2 orders of magnitude. For the triplet photobleaching, this of 2 probably stems from secondary photobleaching of the
shortening indeed explains the observed decrease. However, thigadical anion in the inert atmosphere (cf. discussion of the
is not the case for the radical photobleaching, which is reduced ensemble experiments). The reduction of photobleaching is so
by almost 3 orders of magnitude between inert and air small that it is doubtful whether removing oxygen is any help
atmospheres (cf. Table 1 in the Appendix). Because the at all in detecting single molecules. We expect more resolvable

bleaching ratel{z) of the excited state of the radical {Otself molecules in air (cf. previous paragraph) and shorter off times
can only increase with oxygen, the lifetime of Bas to decrease  in photoblinking*!
with oxygen. The quenching of fby oxygen seems unlikely At 1.5 K, the histogram of the bleaching times reveals a very

because Pshould have a very short lifetime (it is expected t0  proad distribution (cf. Figure 5¢) in which one-third of the
relax quickly by internal conversion), unless oxygen forms a molecules survive longer than 1000 s. In the ensemble experi-
complex with the dark state, in which case the reaction with ment at 10 K (cf. Figure 2b), performed at a comparable
oxygen is not diffusion-limited. Because we have no means of intensity (320 W/criiin the ensemble versus 400 W/&im the
experimentally testing the quenching pathway of the excited single-molecule experiment), 25% of the molecules live longer
radical, this scheme remains mere speculation. More intermedi-than 1000 s. This suggests that, as compared to the situation at
ates might be involved. room temperature, a larger fraction of molecules are observed
Photobleaching and Temperature.The main decrease in  as single molecules at low temperatures. This is not hard proof,
photobleaching efficiency with temperature takes place betweenhowever, because we might still look at a subpopulation with
295 and 200 K (cf. Figure 2c), in agreement with earlier the same distribution of bleaching times as that of the total
observations that water plays an important role in photobleach- population. Further studies at variable temperatures are necessary
ing.222940 That photobleaching remains significant at 10 K to compare the number of discernible single molecules at low
shows that at least some bleaching processes have no activatiofemperature and at room temperature.
barrier or very low ones. Possible candidates are the hydrogena- Photoblinking of Single Molecules.Regarding photoblink-
tion of the dye by a proton that tunnels from the matrix or ing, it is interesting to investigate how the slow recovery rate
electron transfer from or to a nearby donor site. Hydrogenated from the radical anion D (with median values from# & air
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40 longer in the inert atmosphere. If the photoblinking were
) T=295K a completely related to the triplet, then a ratio of 3 would be
324 Air expected between the average on levels in air and the inert
89 events atmosphere at 1.5 kW/cm(This number can be calculated by
3 taking the ratio of the steady-state emissivities (eq 2 in the
e 24 m Appendix) with the appropriate parameters for the triplet of R6G
& (cf. Appendix) in air and in the inert atmosphere.)
E 164 Although the radical anion as an additional dark state
g drastically alters the photophysics and photochemistry of R6G
8- molecules in PVA, its effect on the observed single molecules
I—I H does not seem that strong. We attribute this to the bias toward
0 150 5 5 5 S | o == S | “bright” and stable molecules in the single-molecule experi-
0 100 200 300 400 500 ments. Nevertheless, some differences remain with molecules
that have the triplet as their only dark state. Long-off-time
40 blinking events appear occasionally, and the reduction in the
T=205K b photobleaching quantum vyield between air and the inert
Tl e Nitrogen atmosphere is only a factor of 2, whereas it is 1 or 2 orders of
. . H H 1,31,32
58 events magnitude for molecules with only a triplet dark st&té!
<
‘é’ s Conclusions
| =
2 16 We have studied the photobleaching of R6G in PVA on large
E ensembles of molecules with continuous-wave excitation. We
(o] 6 have simulated our results with a kinetic model involving the
triplet of R6G, the radical anion, and their excited states. We
HHD have distinguished four different photobleaching processes, all
0 T b of them with nonexponential kinetics. Oxygen has been shown
0 100 200 300 400 500

to play a double-sided role in the photobleaching. On one hand
On level (counts/100 ms) it stimulates bleaching by reacting with the metastable states,

Figure 7. Histograms of the average on levels of the fluorescence but on the other hand it reduces bleaching by shortening their
time traces recorded in (a) air and (b) nitrogen at room temperature. |ifetimes. This explains the counterintuitive observation that the
The applied excitation intensity in the experiments was 1.5 kW/cm  majn part of the ensemble bleaches faster in the inert atmosphere

than in air at higher intensities. The small, bleaching-resistant
at 295 K to 0.2 st below 80 K#! cf. Appendix) manifests itself ~ part of the population, seen as single molecules, is only
at the single-molecule level. In principle, there are two extreme marginally more stable in the inert atmosphere. Photobleaching
possibilities: there could be “bright” and “dark” molecules decreases significantly at low temperatures but does not vanish
corresponding to short and long recovery times of their dark altogether. The results of the single-molecule experiments are
states, respectively, or each molecule could present both shorin good agreement with the ensemble results. Photoblinking and
and long dark periods in its fluorescence. In the first case, only photobleaching appear to reduce the number of observable single
the bright molecules will appear in a single-molecule experi- molecules rather than to shorten their observation times.
ment, and their fluorescence time traces will present only  QOur study demonstrates once more how complex photo-
relatively short off times. The second case resembles the bleaching is. Although our findings strictly apply to R6G in
photoblinking of semiconductor nanocryst&$° where long PVA, we believe that some of them, such as the double role of
and short off times are found in the fluorescence time trace of oxygen and the occurrence of photobleaching processes with
each individual nanocrystal. The fluorescence time traces of very low activation barriers, are of general value. The matrix
single R6G molecules in PVA (cf. Figure 4) only occasionally PVA may also favor long-lived radical ion intermediates for
reveal photoblinking with off times longer than our time other fluorophores and for labeled biomolecules.
resolution of 100 ms, sometimes up to tens of seconds (cf. Figure
4b). Such long off times have also been observed for tetram-  Acknowledgment. We thank Jennifer Mathies, Elsbeth van
ethylrhodamine-5-isothiocyanate in PVA by Hernando €fal.  ger Togt, and Autiéen Nicolet for their contributions to the
and for R6G in poly(methyl methacrylate) by Vargas et'al.  experiments and acknowledge helpful discussions with Professor
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probed by comparing the on levels between air and the inert 33578) for M.A.K.

atmosphere. An effect is expected because the recovery from
D (and also from the triplet) is accelerated by oxydtRigure

7 shows histograms of the average on levels in air and nitrogen
atmospheres at room temperature. The brightness is ap- The starting point of the derivation of the expression for the
proximately 1.5 times lower in the inert atmosphere than in air, photobleaching decay is the steady-state emissivity before the
which confirms the fact that the off times are indeed on average onset of photobleachirt}. For population 1, this steady-state

Appendix
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emissivity Ay s reads as replaced byr, and the effective bleaching parametegsand
Y2:
-1
Ausll) = GTN"(l + ?(1 + g)) @) g
X, = Fbl (10)

with s being the pump rate of theySS; transition: ofoN
T

s=oNI ®) Y2 =;(?)b4 (11)
o is the absorption cross section of R6G in PVA at 514.5 nm
(3.0 x 10716 cm? 49, N is the number of photons1il W at
514.5 nm (2.59 10'8 photons/s)] is the absolute excitation
intensity (W/cn?), i is the fluorescence quantum yield of R6G
(drops out eventually in the normalization of the emissivity),
andf is the fluorescence rate of R6G (251 s1 49. The
pump ratess; of the Dy—D,, and sy of the To—T, transitions
(cf. Figure 6) obey equations similar to eq 3 withreplaced

To reproduce the photobleaching decay traces, we need the
total emissivity decay normalized to the emissivity at intensity
lo = 65 mWi/cn?. At this intensity, no photobleaching is
observed on a timescale of hours so that we effectively
normalize to the steady-state emissivity related to photoblinking
at this intensity. The normalized total emissivity decay due to
photobleachingQ’, then reads as

by op and or, respectively, the (unknown) absorption cross 0.9, (I, t) + 0.052,, 1, 1)
sections of these transitions at 514.5 nm. For population 2, the Q(,t) = LS SLSt (12)
expression of the steady-state emissivity.s, looks the same 0.9%, 4(lg) + 0.05%4 (1)

as eq 2 withc replaced by. The intersystem crossing radeof ] ) ) o )
R6G is approximately 1.0« 108 s1 414445(independent of ~ Simulations are carried out for three distinct experimental

temperature and atmosphere); the triplet recovery raie conditions: air at 295 K, the inert atmosphere at 295 K, and
roughly 2.5x 10° s1in air*e and 2.5x 10° s! in the inert the inert atmosphere at 10 K. The effective bleaching parameters
atmospher® (independent of temperature). The recovery rate X1 (7), Y1 (8), Xz (10), andY; (1})_ are used as fit parameters.
from the radical anion (D);, has been found to be distribut®d. ~ When just the distribution o€*" is taken into account, it is

To provide an estimate of the magnitude ®fwe give the impossible to satisfactorily reproduce the experimental data
median values of the obtained distributions: 4 s air at 295 (Simulations not shown). Therefore the effective bleaching
K, 0.4 s in the inert atmosphere at 295 K, and 0-2 & the parameters are all allowed to be distributed and to change with

inert atmosphere below 80 K. (The median of a distribution is the atmqsphere and temperature. .The.distributions are supposed
the value of the distributed parameter at which one-half of the to be uniform and broad on a logarithmic scale. We approximate
total integral of the distribution can be found at higher values this by the following summation:
and the other half can be found at lower values.) 1N

The general expression for the emissivity decay due to -
photobleaching@?, is found by considering the bleached state Hgt= fk) (13)
to be an extra level (as indicated in Figure 6) and applying the
steady-state approximation to the rate equations associated wittwhere@(k)is the average over individual functiof(&;) of ki,
all other levels. We neglectand all bleaching rates with respect which are elements of the distribution &f The elements;
to f. For population 1, we obtaif4 s, obey

Q1) = Ay (1) expay gD (4)

with a total bleaching rates s,

k= exp(m(ck) + ﬁm(wk)(' - NT“)) (14)

with Cy the central value anti the width of the distribution

Wy (1) =Py sl) (X +1Yy) (5) of parameterk. Reasonable accuracy is obtained whérs
chosen equal to 10.
with saturation parameté®,s, Two kinds of simulations are performed. First, oidy and
. Xp are used as fit parameters to reproduce the data. We suppose
P,(l) = §(1 + §(1 + 9)) (6) thatthe value oK; is approximately 3003 in air because the
f f C bleaching quantum yield of R6G in ethanol is known to be

roughly 10°6.4% Furthermore X; is expected to be at least 1

and with the effective bleaching paramet&isand Y, order of magnitude lower in the inert atmosph&ré-31.32The

d d results are shown in Figure 1. For all three conditions, it is
Xy =-b, + Ebz (7) possible to fit the data at the lowest intensity. However, a direct
q extrapolation to higher intensities is feasible with the obtained

_ df9oN parameters only for air at 295 K (cf. Figure 1a).
V1= o\ b (®) The data in the inert atmosphere can be fit only by including

Y; and Y (cf. Figure 1b and c). For air (cf. Figure 1a), the
For population 2, similar equations can be derived. The inclusion ofY; andY: is also investigated. We supposgto

emissivity decay2s, s has the same form as eq 4 with_s and be reduced by a factor of 100 because of the change in the triplet
waLs replaced byAg s andws s. The total bleaching rates, s lifetime. The introduction ofy; andY; affects only the trace at
equals 320 W/cnt but does not really improve the fit. Better fits might
be obtained with distributions other than the uniform distribution
wg (1) = Pg (1) (X, + 1Y) 9) in logarithmic space (eq 13).

Table 1 reports the values &, Y1, Xp, andY; used in the
with the saturation parameté?; s resembling eq 6 withc simulations shown in Figure 1. All parameters are distributed.
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TABLE 1
Xi(sh) Yi(end) Xo(sh Y2 (cn?lJ)
conditions [width] [width] [width] [width]
air 295 K 300([16] 0.1[1°] 300[1(*] 300 x 102[109
inert 295 K (1) 500 [18 3[1
inert295 K (2) 50[1¢] 50[1( 3[107] 3[109
inert 10 K 5[10] 0.5[1(] 0.3[10]] 4 x 10°3[109
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