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A new scanning technique for simultaneous recording of intensity, fluorescence lifetime, and spectral
information with single molecule sensitivity is presented. We investigated and compared the photophysical
parameters of single oxazine (JA242), rhodamine (JF9), and carbocyanine (Cy5) derivatives adsorbed on
glass surfaces under air-equilibrated conditions. The obtained results demonstrate that spectrally resolved
fluorescence lifetime imaging microscopy (SFLIM) is ideally suited to reveal subpopulations in inhomogeneous
samples and mixtures. To obtain a more detailed insight into the underlying fluorescence dynamics of single
molecules, the fluorescence characteristics of the three different chromophores were studied positioning isolated
molecules in the laser focus. Two detectors with two PC plug-in cards for time-correlated single-photon
counting (TCSPC) were utilized to monitor fluorescence intensity, lifetime, and spectral information
simultaneously with single-molecule sensitivity and microseconds to milliseconds time resolution. Discrete
jumps in fluorescence intensity from single molecules which lacked spectral diffusion and changes in radiative
lifetime have been observed with correlation times (triplet lifetimes) spanning several orders of magnitude
(from 2 us for the rhodamine derivative up to several seconds for the oxazine dye) and amplitude. For the
carbocyanine derivative Cy5, fast spectral fluctuations to red-shifted dim-states which appear partly as off-
states with a lifetime in the millisecond range were determined. In addition, these dim-states exhibit the same
radiative decay rate of2 ns as the normal on-state. Our results imply that a direct correlation between the
radiative decay time and spectral fluctuations is not necessarily given in each of the three chromophores.
Both parameters seem to be independent characteristic of each individual molecule. Ai63 Bf all
molecules independent of the dye structure, respectively, exhibited a constant emission spectrum but strong
fluctuations in fluorescence lifetime directly correlated to the intensity. The results indicate that a combined
analysis of emission spectrum, intensity and radiative decay rate is a valuable approach for classification and
guantification of the underlying photophysical dynamics.

Introduction effect which has often been denoted as “blinking” is commonly

The knowledge obtained from fundamental single-molecule accepted as an 'obvious gritgrion for a single-chromophore
studies under ambient conditions at interfAc®sr in solutiorf—10 system. The blinking behavior is not restricted to chromophores

has been successfully transposed into practice of single-molecule?tached at interfaces or immobilized in polymers, even in
microscopy and spectroscopy to study the conformational solution single chromophoreg aFtached to blornollecule.s such as
dynamics of individual biomolecules or to probe the dynamics DNA*#* or proteing? show distinct changes in intensity and
of the local environment of a chromophd#e?® The ability to spectrum which might appear as off-states.
detect and identify individual fluorescent molecules with high  Typically, the temporal and spatial fluctuations of the local
signal-to-background ratios enabled the observation of various environment around a single chromophore have been monitored
phenomena that are hidden in ensemble measurements due tpy recording the fluorescence intensity and spectrum or polar-
averaging. Among these phenomena are fluorescence intensityzation. It has been shown that little, if any, correlation between
fluctuations due to spectral diffusigh?’ or triple#>2%-%° and spectral width, position, and intensity exists. Each measured
rotational jumps’** as well as photon (anti-)bunchidgy.*® parameter of a single chromophore appeared to be an indepen-
Very recently?® even fluctuations in fluorescence lifetime of  gent measure of the molecule’s configuration or local environ-
single fluorophores have been investigated with millisecond time \,ant26 However, it is still discussed whether the observed varia-
reso!utlon. ) . . . tions are due to inhomogeneous environmental distributions or

With respect to the useq tlme-rgsolut|pn intensity fluctuations insufficient sampling time due to rapid photobleachifig
are of_ten obser_ved_as discrete |ntens“|ty Jumps f,r,o_m an_“on” Furthermore, it is not clear whether all classes of chromophores
intensity level with high count rate to a “dim” or “off” intensity - . . - .
level with reduced or background count rate, respectively. This exhibit the same photophysical dynamics or if Fhe dynamics is

’ rather controlled by the chromophore structure itself. We there-
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Figure 1. Schematic diagram of setup and molecular structure of the investigated dyes. SS: scanning stage. MC: motion controller. TR: time
router. MO: microscope objective. DC: dichroic beam splitter. L: lense. PH: pinhole. BP: band-pass filter. SPAD: single-photon avalanche
diode.

level: a rhodamine derivative (JF9), an oxazine derivative schule Siegen). The dyes were purified on a RP18-column using
(JA242), and a carbocyanine derivative (Cy5) (Figure 1). a gradient of 6-75% acetonitrile in 0.1 M aqueous triethylam-
To get information about the relation between fluorescence monium acetate (TEAA) prior to use.

fluctuations and emission yield of the chromophore we devel-  corrected steady-state fluorescence spectra were measured
oped a method to measure the fluorescence lifetime of singlei, standard quartz cuvettes using an LS100 spectrometer (PTI,

molecules applying time-correlated single-photon counting Canada). Ensemble fluorescence lifetimes were determined from
(TCSPC) on two spectrally resolved detectors. This method 14-8 \ solutions of the dyes at the emission maxima using a

allows the simultaneous recording of fluorescence lifetime and pulsed diode laser emitting at 635 nm as excitation source and

emission maximum in the micro- to millisecond time rarige. time-correlated single-photon counting (TCSPC) with an IBH

With this technlque, the question whether spectral jumps spectrometer (model 5000MC; Glasgow, Scotland). To exclude
(spontaneous or light-driven) to a new resonance frequency are L
; . ) Lo polarization effects, the fluorescence was recorded under the
connected with changes in the excited-state kinetics can be .
magic angle (54.7.

answered.

Generally, spectral fluctuations have been attributed to ~For single-molecule imaging the dyes were adsorbed on
transitions between different potential minima of the molecule’s Standard cover slides with a thickness of L#@. Before use
energy landscape. Among these are transitions due to change1e cover slides were carefully cleaned with 5% hydrofluoric
of the nuclear coordinates within the chromophore backbone acid in water for 5 min then treated with a 0.1% aqueous solution
itself, i.e., cis/trans isomerization in case of carbocyanine dyes of 3-aminopropyl-triethoxysilane (APS) for 5 min followed by
such as DilGg, or changes in the intermolecular coordinates a washing step with water and dried under nitrogen prior to
released by the interacting environméht>26 use. A treatment with 13° M solutions of the dyes generally

In this communication we want to demonstrate that spectrally- yielded an areal density of less than 1 molecule goe?. All
and time-resolved fluorescence detection of individual chro- single-molecule experiments were performed at room temper-
mophores of different classes of dyes can contribute significantly ature.
to a better understanding of fluctuations in photophysical  Figyre 1 gives a schematic diagram of the setup used for
properties of single molecules. confocal time-correlated single-photon counting on two spec-
trally separated detectors. For excitation a pulsed laser diode
with a center wavelength of 635 nm, a repetition rate of 64

The fluorescent dye Cy5 was purchased from Amersham Life MHz, and a pulse length of less than 100 ps (PDL80O;
Science (Braunschweig, Germany). The rhodamine derivative Picoquant, Berlin, Germany) was used. The elliptical shape of
JF9 and the oxazine derivative JA242 are kindly provided by the laser beam profile was converted into a circular (Gaussian-
K. H. Drexhage and J. Arden-Jacob (UniveisiBesamthoch- like) profile by the use of two cylindrical lenses. The collimated

Experimental and Methods
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laser beam was spectrally filtered by an excitation filter TABLE 1: Spectroscopic Properties of the Rhodamine JF9,
(639DF9; Omega Optics, Brattleboro, VT) and directed into an tEht?l OX?Z'”S 3@%42: and the Carbocyanine Dye Cy5 in
inverted microscope (Axiovert 100TV; Zeiss, Germany) via the anol and vvater

backport. Within the microscope the beam was coupled into Aad{nM)  Zden(nm) 7 (nS) Vi
the microscope objective (100x, NA 1.4; Nikon, Japan) by a JA242 HO 664 682 1.93 1.021
dichroic beam splitter (645DMLP; Omega Optics, Brattleboro, C2HsOH 658 678 3.08  0.996
: HO 630 652 3.86 1.073
VT) and focused onto the upper surface of the cover slide. The C,HsOH 632 657 107 1013
average excitation power was adjusted to 6-2%W/cn? at Cy5 HO 651 670 098  1.009
the sample. Fluorescence light emitted by the sample was C:HsOH 652 672 1.42 1.038

collected by the objective and focused through the TV outlet
of the microscope onto a 50 or 1@@n pinhole. Fluorescence  Statistics we applied a maximum likelihood estimator (MLE)-
light passing the pinhole was spectrally separated by a nonpo-algorithm using the following relatioff:*’

larizing dichroic beam splitter (670DMLP; Omega Optics,

m

Brattleboro, VT) and imaged onto the active area of two ioN

avalanche photodiodes (AQR-14; EG&G, Canada). The re- » mo ; '

flected light reaching detector 1 was filtered by two band-pass - = Q)
filters (685HQ70; AF Analyzentechnik, bingen, Germany and 1—e“" g1 N

660DF60; Omega Optics, Brattleboro, VT), whereas the trans-

mitted light was filtered by a single band-pass filter (690DF60; Here N represents the number of photon counts taken into
Omega Optics, Brattleboro,VT) in front of detector 2. account. The sum runs overbins of widthw, with theith bin

containingN; counts. To estimate the fluorescence lifetime
only a portion ofm channels of widthw were used. Typically,
a data window of about 10 ns starting370 ps behind the

) b | he sianals of maximum channel was used. Equation 1 was numerically solved
100, MC2000; Mazhauser, Wetzlar, Germany). The signals of i respect to the fluorescence lifetime using Newtons

the two avalanche photodiodes were fed into the router of a algorithm. It should be mentioned that eq 1 holds only for

TCSPC PC interface card (SPC-430; Becker&Hickl, Berlin, onoexponential decays disregarding the convolution with the
Germany) to acquire time-resolved datdor synchronization  |aser pulse.

of scanning and time-correlated single-photon counting, a
Windows 32-based software was developEthe fluorescence Results and Discussion
intensity and lifetime images on both detectors were recorded
using a 50um pinhole at a resolution of 50 nm/pixel and a

For generation of spectrally resolved fluorescence lifetime
images of single molecules the microscope was equipped with
a motion controller drive,y-microscope stage (SCAN 100

Spectrally Resolved Fluorescence Lifetime ImagingTo

llection ti £7 ms/oixel. Th s fth | | investigate and to compare the influence of the dye structure
cofiection ime of 7 mS/pixel. 1he Spot Size ot the sample MOle- ,, he flyorescence fluctuations of single molecules, we used

cules in the resulting images was diffraction limiteeB10 nm). three different chromophores: a rhodamine (JF9), an oxazine
To measure fluctuations in fluorescence lifetime, intensity (JA242) and a carbocyanine dye (Cy5). In all three dyes, the
and spectrum with time molecules chosen from an image scanz-electron distribution can be described approximately by two
were positioned in the laser focus with thg-scanning stage. = mesomeric structures, in which the positive charge is located
The photon counts detected on both detectors were registerecn either of the two nitrogen atoms (Figure 1). Thus in these
with two PC plug-in cards for on-line TCSPC (TimeHarp100; dyes there is no permanent electric dipole moment parallel to
Picoguant, Berlin, Germany) using the time-tagged time- the long axis of the molecule in neither the ground nor the
resolved (TTTR) mode. This mode allows the registration of a excited staté® Because the dipole moment does not change
detected photon on two independent time scales: (a) the absoluté!lpon excitation, the absorption maximum shows only little
arrival time with a resolution of 100 ns and (b) the distance to dependence on the polarity of the solvent (Table 1). Due to the
the previous laser pulse with a time resolution of 37 ps/channel. incorporation of the amino groups in rigid six-membered rings,
The absolute arrival times of both detectors were used to the rhodamine derivative JF9 exhibits a fluorescence efficiency

construct multichannel-scalar (MCS) traces with arbitrary time C€l0S€ t0 unéty nearly independent of solvent polarity and
resolution. The microscopic arrival time can be collected in t€Mperaturé® The red absorbing rhodamine derivative JF9 was

histograms from which information about the fluorescence ?herivedbfromr? “C|I""SSE"’}[|,’; rhotdgmine dlyet by an excthange of

lifetime is obtained. The instrumental response function (IRF) € carboxyphenyl SUbstituent by an €electron-acceplting group

of the entire system was measured to-6#00 ps fwhm. This (pentafluorophenyl group) at the central carbon (position 9) of
. o ' the chromophore. The introduction of an electron-accepting

arrangement enables theoretically the monitoring of fast ( "

ms) changes in fluorescence lifetime and spectrum. However group at position 9 of the xanthene chromophore has an effect

it should b inted out that the obtainable i luti similar to the introduction of a more electronegative atom (as
t shout I ef poflln ed ou al'f €o (;auna € ime resolu '?n in case of the oxazine derivative): the absorption and emission
(especially for fluorescence lifetime determination) strongly gpecira shift toward the red wavelength range. Through the

depends on the photon count statistics. To monitor fluctuations jy«oduction of double bonds in the nitrogen-containing rings,
in fluorescence lifetime we used a sliding-scale anafffsis.a the absorption and emission maxima are additionally shifted to
sliding-scale analysis, the signal trace of fluorescence arrival longer wavelength® Hence, the three dyes can be excited with
times is binned into a series of fluorescence decay histogramsa pulsed diode laser emitting at 635 nm but exhibit distinct
with a constant number of photon counts. Throughout this article fluorescence emission maxima and lifetime (Table 1). In contrast
we used 500 subsequent photon counts for the determinationto the relatively rigid structure of rhodamine and oxazine
of the fluorescence lifetime and moved this window photon derivatives, the carbocyanine dye Cy5 exhibits a flexible
count by photon count over the whole data set. For efficient backbone allowing a twist about the conjugated bridge. Re-
determination of fluorescence lifetimes with low photon count cently?° it was shown that the cis configuration exhibits if at
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Figure 2. Scanning confocal fluorescence images of single JF9, JA242, and Cy5 molecules on dry glass susfacgi@bdle, 250 W/crf). The
samples were scanned from top to bottom and from left to right with a resolution of 50 nm/pixel (7 ms integration time pdiapkelrescence
intensity image (detector ¥ detector 2).(b) Fractional intensity imageF¢-image) recorded at detector B, = 1./(I1 + I2). (c) Fluorescence
lifetime image ¢-image) calculated from the overall photon counts detected on both detectors.

all only weak emission. The rate constant for cis/trans- cence lifetime images (Figure 2c¢), Cy5 molecules exhibit an
isomerization in water was measured to be 2.50” s~ under almost constant fluorescence lifetime-e2 ns. The fluorescence
moderate excitation conditions- (OkW/cn). lifetimes measured from single rhodamine and oxazine deriva-
Scanning confocal fluorescence intensity images obtainedtives are comparable longer with a broader distribution. As
from single JA242, JF9 and Cy5 molecules adsorbed on indicated in thez-images, some molecules change their
silanized cover slides are shown in Figure 2a. The images exhibitfluorescence lifetime during the image acquisition (for example
diffraction limited spots resulting from individual fluorescent the JF9 molecule in the yellow circle). Comparison of Ere
dye molecules with overall count rates (detectot Hetector andr-images reveals several molecules that exhibit diffetent
2) of up to 30 kHz at an excitation power of 250 WAMs but the sameF,-values or vice versa, i.e., obviously no
indicated by the presence of several isolated dark pixels within correlation between spectrum and lifetime.
the bright spots, the molecules undergo discrete photochemistry For further analysis we calculated the spot-integrated char-
like blinking and digital photobleaching. From the fluorescence acteristics, i.e. more than 450 spots were analyzed for each dye
intensity registered at both detectots éndl,) we calculated by adding up all photon counts collected per single dye
the fractional intensityF, at detector 2F, = 1,/(I; + 1) for molecule. When two molecules were located too close (for
each pixel as a measure for the emission maximum (Figure 2b).example the molecules in the red circle in Figure 2b), they were
Fluorescence lifetime-images (Figure 2c) were generated from excluded from the statistics. To estimate the emission maximum
the overall photon counts detected on both detectors using thefrom the measure#,-values we used the overall transmission
MLE-algorithm described in the Experimental Section. In the efficiency of the filter set for both detectors and a model
resultingF,- andz-images, pixels corresponding to an overall absorption and emission spectrum (Figure 3a). The emission
count rate of less than 3 kHz were excluded. spectrum was shifted through the transmission curve nm by nm
While the intensity images (Figure 2a) exhibit almost similar to calculate the expected corresponding fractional intemsity
intensities and photophysics, the-images (Figure 2b) clearly  The resulting curve attaches an emission maximum in wave-
indicate different emission maxima of the dyes. For example, lengths to &,-value (Figure 3b). Here it should be pointed out
JF9 molecules appear to exhibit relatively homogeneous spectrathat the position of the slope of the curve shown in Figure 3b
characteristics, whereas tRg-values obtained for single oxazine is mainly influenced by the angular positions of the dichroic
derivative molecules (JA242) indicate a relatively broad spectral beam splitters. However, differences or fluctuations in emission
distribution. Molecules that change their emission spectrum maxima can be easily estimated if we assume comparable shapes
during the image acquisition are evident, e.g., the JA242 of the spectra.
molecule in the white circle at the right-hand side in Figure 2b.  Another important point which has to be considered are the
As shown in the red circle at the top right corner in Figure 2b, different absorption cross sections of the dyes at the excitation
spectrally and time-resolved single-molecule detection can alsowavelength (635 nm). Assuming a constant Stokes shift of 20
help to distinguish a single-molecule from two or more closely nm for the investigated dyes (see Table 1) and comparable
spaced molecules with different spectra or lifetime. Therefore, shapes of the absorption spectra, the excitation efficiency and
the applied technique can also be used for high-resolution detection probability of fluorescence photons on both detectors
multicolor or multilifetime colocalization or high precision for different absorption and emission maxima can be evaluated.
distance measurement{s®? As can be seen from the fluores- With these assumptions we calculated the relative detection
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Figure 3. Relative detection sensitivity of the applied setup and distributions of the spot-integratedemission maxima of tk@ @xeall
transmission efficiency of the filter set for both detectors and model absorption and emission spectrum used for calculation of the detéatipn sensit
(b) Fractional intensityr, and corresponding emission maximum calculated from the model spectra and the transmission efficiency of the filters.
Wavelength dependent relative detection sensitivity and normalized scatter plots of the spot-integrated emission maxima ¢€xkda2424d)

JF9,(e) Cy5, and(f) all three dyes together.

sensitivity of the applied setup at different emission maxima than in aqueous surrounding. This striking behavior might be
(Figure 3c-f). This procedure allows to monitor spontaneous triggered by the experimental conditions, i.e., the dry surface.
changes in emission yield of a single dye as well as to comparelt is known that the quanta of hydrogen stretching vibrations
the overall detection sensitivity of the setup for different dyes. have the highest energies in organic dyes, and thus hydrogen
Figure 3c-e present scatter plots of the spot-integrated emission vibrations and subsequent energy transfer to vibrations of solvent
maxima (calculated from th&,-values) versus fluorescence molecules are very likely to contribute to internal conversfai.
intensity obtained from single JA242, JF9, and Cy5 dyes. Figure Hence, an aqueous surrounding might significantly shorten the
3c—e clearly demonstrate that the applied setup exhibits a measured fluorescence lifetime. This mechanism is of minor
different detection sensitivity for each chromophore. While for importance in dyes that fluoresce in the visible range but
JF9 molecules on an average 5000 photon counts have beefecomes increasingly effective with decreasing energy difference
detected, we obtained on an average 4400 photon counts fobetween $and $. In addition, the degree of this effect is
Cy5 and only 3200 for JA242 spots, respectively. However, if strongly controlled by the dye structure itself and the micro-
we correct for both, the different absorption cross section of scopic environment of the fluorophote.
the dyes at the excitation wavelength and the transmission The measured relatively broad distributions in fluorescence
efficiency of the filter set we obtain comparable fluorescence lifetimes of single molecules cannot be explained by low photon
intensities from single JA242, JF9, and Cy5 molecules adsorbedcount statistics. On average, a few thousand photon counts were
on glass (Figure 4a). Normalized histograms of the spot- used to calculate the fluorescence lifetime via the MLE-
integrated corrected emission maxima obtained from single algorithm. However, the dielectric interface modifies the radia-
molecules are shown in Figure 4b. With exception of the Cy5 tive component of the excited-state lifetime due to the boundary
emission maxima distribution, the distributions obtained from conditions of the radiated fiel®3 For example, for a dipole
rhodamine (JF9) and oxazine (JA242) molecules describe on the air side of the glass surface, the radiative lifetime is longer
satisfactorily the emission curves obtained from ensemble for a parallel emission dipole. Using a glassr interface, the
measurements. Nevertheless, it should be pointed out that thefluorescence lifetime recorded from a molecule with a parallel
applied technique is fairly sensitive to changes in the emission oriented emission dipole is expected to b2 times that of a
maximum but less suited to measure absolute values. molecule oriented perpendicular to the surféckn addition, a

To test the homogeneity of the excited-state kinetics spot- higher signal is obtained from a parallel emission dipole. With
integrated fluorescence lifetimes of the dyes were plotted versusregard to these theoretical considerations, the measured life-
their frequency and fitted by three Gaussians (Figure 4c). The time distributions appear to be relatively narrow, indicating
fluorescence lifetime of 2.0& 0.34 ns measured for single comparable orientations of the molecules on the glass
Cy5 molecules on dry surface is definitely longer than measured surface.
from an ensemble in solution (see Table 1) and might be To get more insight into the relation between emission
explained by a reduced flexibility of the polymethine backbone maximum, fluorescence intensity, and fluorescence lifetime of
in Cy5 thereby increasing the excited-state lifetime. JF9 single chromophores we constructed scatter plots (Figure 4d,e).
molecules exhibit nearly the same fluorescence lifetime as The scatter plots indicate, if at all, only little correlation between
measured in solution (3.92 0.83 ns). In contrast, the oxazine fluorescence lifetime, emission maximum, and overall spot-
molecules show fluorescence lifetimes of 3.67 0.74 ns, integrated fluorescence intensity. As mentioned above, differ-
comparable to the value obtained in ethanol but definitely longer ences in fluorescence lifetime that do not correlate with the
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TABLE 2: Off-State Rate Constants and Transition Yields
of Single JA242, JF9, and Cy5 Molecules Determined from
Autocorrelation Analysis of the Fluorescence Intensity

JA242 JF9 Cy5
detected photon courits 77.000 82.000 30.000
fluorescence lifetime (ns) 3.67+0.74 3.99+ 0.83 2.00+ 0.34
triplet lifetime 1 (ms) 1-150 0.002-0.007 0.01-0.15
off-time 7o (MS) 0.5-5
Triplet yield @1 (x1079) 0.001-1 4-10° 0.5-4
Off-state yield®qs (x1073) 0-0.5

aNumber of on average detected photon counts at an average
excitation energy of 500 W/ctn® The expected error is large because
77 is in the same time range as the used sampling intervalud. 1

measured fluorescence intensity require different orientations
of the transition moments with respect to thaxis. Due to the
used linearly polarized excitation conditions differences of the
transition moments in,y-plane and subsequent different excita-
tion efficiencies control the fluorescence intensity distribution.
Hence, the relation between fluorescence lifetime and intensity
due to different orientations of the dipole moments is mostly
smeared out in our data.

The broadness of the spectral distribution (Figure 4e) is not
reflected in the lifetimes of the excited-states of the molecules,
i.e., independent of the emission maximum, either blue or red
shifted, the fluorescence lifetime and therefore the fluorescence
guantum yield seems to be almost not influenced. This implies
that fluorescence lifetime, and spectrum are independent
characteristics of single molecules on glass surfaces. However,
the oxazine derivative JA242 exhibits a slightly different
behavior. With increasing emission maximum the fluorescence
lifetime tends to decrease (Figure 4e).

On the other hand, dynamics in fluorescence intensity,
spectrum and lifetime might be washed out using spot-integrated
characteristics. To get information about temporal fluctuations,
we positioned single JA242, JF9, and Cy5 molecules directly
in the laser focus and monitored the fluorescence intensity,
spectrum, and lifetime until irreversible photobleaching oc-
curred. To minimize the probability of having two molecules
simultaneously in the laser spot, suited molecules were selected
from an image scan measured with reduced laser power. We
studied the fluorescence characteristics of more than 200
individual molecules (90 Cy5, 70 JA242, and 70 JF9) adsorbed
on glass at different excitation power. Since we were interested
in fast fluctuations, the data was acquired in the time-tagged
time-resolved (TTTR) mode, i.e. each photon count was
registered by the macroscopic arrival time and the time lag with
respect to the corresponding laser pulse. Binning into the desired
time resolution was done after data acquisifidnAt an
excitation power of 500 W/cfwe detected on averageB0000
photon counts for JF9 and JA242 molecules, whereas Cy5
molecules photobleached on average already aft8@000
emitted photon counts (Table 2).

Fluctuations in Fluorescence Intensity Due to Intersystem
Crossing. First we restrict our analysis and discussion to those
time traces that showed typical fluctuations in fluorescence
intensity without significant changes in fluorescence lifetime
and spectrum~50% of all investigated molecules). In many
cases it was easily possible to ascribe a measured fluorescence

Figure 4. Spot-integrated photophysical characteristics of single JA242, intensity time trace directly to one of the dyes due to the

JF9, and Cy5 molecules(@) Normalized and corrected overall
fluorescence intensity distribution(b) normalized distribution of
calculated emission maximg) fluorescence lifetime distributiorid)

characteristic intensity fluctuations (compare Figure 5a, 5b, and
5c¢). Using a time resolution of 1 ms/bin, the intensity time traces

scatter plot of overall fluorescence intensity recorded on both detectors ©f most JF9 molecules exhibit no off-states, whereas the oxazine

versus fluorescence lifetime, a(g) scatter plot of calculated emission

maxima versus fluorescence lifetime.

dye JA242 tends to exhibit long off durations of up to seconds
with a relatively small transition rate. In contrast, the carbocya-
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Figure 5. Analysis of single-molecule fluorescence intensity dynamics. Overall fluorescence intensity, fluorescence lifetime, and fractional intensity
F, as a function of time for a singl@) JA242,(b) JF9, andc) Cy5 molecule at an excitation power of 500 mW/crfihe fluorescence intensity

andF; trace are plotted with a bin width of 1 ms. For fluorescence lifetime binning we applied a sliding-scale analysis using 500 subsequent photon
counts. The corresponding calculated intensity autocorrelation functions f@)td8242,(e) JF9, andf) Cy5 molecule, respectively, are plotted

using a linear time axis. For intensity autocorrelation analysis we used a bin widthusf ftd the JA242, Jus for the JF9, and #s for the Cy5

intensity data, respectively. The first second of the autocorrelation function of the JA242 data is fit with a single exponential with a camelation t

of 7 = 488 ms. The first few milliseconds of the Cy5 data reveal two correlation times ©f880 us, 7, = 31 ms.
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nine dye Cy5 shows predominantly faster blinking with a higher Hence, on average lower excitation rates will result. With a
transition rate. fluorescence quantum yiefHl; of ~0.90 and an overall detection

In addition, it should be mentioned that our measurements efficiency of 0.10 at the glass/air interf#éé® a fluorescence
have been performed under ambient conditions (room temper-intensity of 14.4 kHz should be detected. This value is
ature, air) where direct observation of intersystem crossing is considerably smaller than the intensity recorded from the JF9
extremely difficult due to short triplet lifetimes (collisional molecule shown in Figure 5b, but comparable to the average
quenching by oxygen) as well as rapid photobleaching. There- fluorescence intensity detected from single JF9 molecules at
fore most single-molecule triplet studies have been performed an excitation power of 500 W/ctnComparison of typical triplet
at cryogenic temperaturés®55or under vacuum conditior8:3° lifetimes of rhodamine derivatives°8 (1 = 4—6 us) and the
In air-saturated ensemble solutions, the triplet state lifetirnes  average time-lag between subsequent photon countg @j:s
of rhodamine, oxazine, and carbocyanine dyes vary between(count rate of 14.4 kHz) points out that the triplet term cannot
less than Jus up to severaks with intersystem crossing rates  be resolved using low excitation energies. Therefore, we decided
kisc from 4.2 x 10° to 2.8 x 107 s15056-58 |n vacuum, to use an excitation energy of 5 kW/énn the following
Weston et af? found triplet lifetimes of 4100 ms for single experiments. On the other hand, it is considerably more difficult
DilC1, molecules (a carbocyanine derivative) with a triplet yield to detect enough photon counts from single molecules for
of 4 x 107 In accordance with these results, English éal  statistical analysis under air-equilibrated conditions. Especially
found triplet lifetimes of~100 ms at reduced pressure with the carbocyanine dye Cy5 photobleached on an average already
yields of 3.5x 104 for the same chromophore immobilized in  in less than 500 ms using an excitation energy of 5 kW¥/cm
thin polymer films. As obvious as they are from the fluorescence Hence, we decided to increase the size of the pinhole 4200
time traces shown in Figure 5, we found off times in the same and lower the excitation power to 2 kW/érfor Cy5 experi-
time range for most oxazine and carbocyanine dyes under air-ments.

equilibrated conditions. Comparison of the fluorescence fluctuations recorded from
However, contrary to the oxazine and carbocyanine intensity the three different chromophores under lower and higher
traces, most intensity traces of JF9 molecules show no intensity excitation energies (compare Figure 5 with Figure 6) indicates
fluctuations m a 1 mstime scale (Figure 5). To quantitatively  that the principle fluorescence characteristics of the molecules
analyze the intensity fluctuations, we employed the second orderare unchanged. The rhodamine derivative exhibits the highest
intensity autocorrelation method previously used to analyze count rates of up to 500 kHz. However, upon binning of the
fluorescence intensity fluctuations of single molecules at gata into shorter time bins (typically 4s) an correlation term
cryogenic temperaturé8 and more recently at room tempera-  @)t) > 1 appears in the corresponding autocorrelation function

ture?4-26 The normalized intensity autocorrelation function is  (Figure 6e). The resulting intensity autocorrelation functions
defined as the probability of detecting pairs of photons separatedwere fitted by an exponential model (eq 4),

in time by an interval’ (eq 2).

IQIC 00 NONEHDT ) =1+ 3 Ag 4
o IN(t) (3 =

g?() =

I(t) is the fluorescence intensity measured in the integration wheret,{ denotes the time constant, aAdthe amplitude of
interval (bin time) centered at timg N(t) is the number of  the ith component. It has to be considered that an intensity

photon counts detected in the same interval, @@ is the autocorrelation analysis alone without spectral and time-resolved
square of the mean intensity detected per bin time. Examplesdata leads to very little information on the nature of the
of g@(t') calculated from the data of Figure 5a with a bin underlying dynamics. However, here we uggt') only as a

width of 10, 1, and 4s, respectively, are shown in Figure-5d method to directly determine the time constants of the off-states
5f. For correlated events the intensity autocorrelation function and their corresponding amplitudes from fluorescence intensity
exhibits values>1. As already indicated by the relatively traces that show no apparent evidence of spectral diffusion or
homogeneous fluorescence intensity trace (Figure 5b), thevariations in other photodynamic parameters. Under the as-
intensity autocorrelation functions obtained from different JF9 sumptions that the autocorrelation is only examined at times
molecules reveal no correlation term at an excitation energy of that are large compared to the fluorescence lifetime of the
500 Wicn? (Figure 5e). molecule and that the integration times are smaller than the
To investigate the influence of the excitation energy on the average on- and off-times,. of the ith component can be

probability to resolve short-lived triplet states from fluorescence expressed &%5°

fluctuations we calculated the rate constaatsfor excitation

from the electronic ground-state ® the first excited-state;S 1 1 1
from the average laser powdr(W/cm?), and the absorption .. T_ﬁ + T (%)
cross sectiowg1(4) (cmP), at the wavelengti using eq 3: g oboon
T
ko1(4) = l0g ()Y (3) A= Iiﬁ (6)
on

wherey = A/hc (h is the Plank constant armthe velocity of
light in a vacuum). With an absorption cross section-df0-16 With these equations the off-time can be estimatedhy= (1
cn¥ at 635 nnf®58and an average laser power of 500 Wicm  + A)ta, As can be seen in Figure 6§ the preexponential
a JF9 molecule will be excited with a rakg; of ~1.6 x 10° termA is larger for a molecule which spends more time in the

s™1. Here we have to point out, that the exact location of a off-state. The transition yield of the off-stad&,; can be roughly
molecule in the output laser beam was a priori not known and estimated from the on-timey,, the detected count ratg.;, the
since the polarization was not controlled, the absolute excitation fluorescence quantum yiefi;, and the detection efficienc] et
energy is not well defined in the applied experimental setup. of 0.05 at each detector (eq 7).
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Figure 6. Fluorescence intensity recorded from single molecules at detector 1 (gray) and detector 2 (black) versus logdnaeJig242,(b)

a JF9 at an excitation of 5 kW/@&nand(c) a Cy5 molecule at an excitation energy of 2 kWfcifhe data are binned into 1 ms time bins. The
corresponding intensity autocorrelation were calculated from the intensity data recorded at detector 2 using a time-resolutsoioofiE0JA242
data(d), and a time-resolution of As for the JF9 datée). For the Cy5 molecule the intensities recorded at both detectors binned istdidhe
bins were used separately for the construction of the corresponding autocorrelation fu(fgtions

DD, fact an increase ifksc at higher laser energy is obvious. In
= (7 addition, it has been showffthat the triplet lifetime of adsorbed
oxazine molecules increases considerably, e.g., the triplet
lifetime 77 of oxazine adsorbed on cellulose was measured to
4.3 ms which is~300 times longer than that in solution.
However, due to the broad distribution of triplet parameters
obtained from single molecule experiments under various
conditions (N, O,) and unsatisfying photon statistics (due to
rapid photobleaching and low transition yields) a clear-cut
assignment of such long off periods to triplet states is difficult.
For example, even under oxygen saturated conditions, we found
strong variations in triplet lifetimes comparable to the values
obtained under air-equilibrated conditions between 1 and 150
ms with triplet yields ranging from 1@ to 1072 for individual
JA242 molecules. The reason for this strong discrepancy in

off
Tonl det

If we ascribe the measured off-states to transitions into short-
lived triplet states a single-exponential fit revealed a triplet
lifetime 77 of 3.5 us with an intersystem crossing ratgc of

1.5 x 10° s71 (corresponding to a triplet yieldr of 6 x 1073)

for the JF9 molecule (Figure 6b,e). This values are similar to
triplet parameters of red-absorbing rhodamine derivatives
obtained from ensemble measurements in soldfidteverthe-
less, arr of 3.5 us appears to be the shortest triplet lifetime
ever recorded from single-molecule fluorescence intensity time
traces of rhodamines on surfaces at room temperature. Here i
must be considered that eqs 4 and 5 hold only for integration

times smaller than the off times. Hence, the error expected in "’ -2 . .
the short-lived triplet state of JF9 is large becausés in the triplet characteristics between the rhodamine and the oxazine

same time range as the used sampling interval 6.1 gleriva_tive_ is not yet understood and will be subject of further
In addition, only a rough estimate of the width of distribution nvestigations.

of the triplet parameters can be given because only a limited While all autocorrelation functions for JF9 and JA242 could

number of JF9 molecules (only 3 out of 20 molecules) were be well fit by a monoexponential function, the situation is more

found that exhibited sufficient photon count statistics to resolve complex for the carbocyanine dye Cy5 (Figure 6¢,f). In most

triplet states in the range of a fems. However, for these JF9  cases the intensity autocorrelation function of single Cy 5

molecules, the obtained distribution in triplet parameters appearsmolecules had to be described by a biexponential model. In

to be rather narrow withrr varying between 2 and #s and Figure 6f the intensity autocorrelation functions recorded with
intersystem crossing yield®+ ranging from 4x 1073to 1 x both detectors are shown. Whigf(t') of channel 2 exhibits
1072 (Table 2). two decay times, the data recorded on channel 1 required a third

As expected for triplet states the fluorescence intensity tracescomponent to account for slow spectral diffusion of the molecule
of single oxazine molecules (JA242) exhibit relatively long off- in the ms to s time range. Typical values obtained for Cy5
times (Figure 6a), independent of the excitation energy(8.5  molecules areior = 55 us with a transition yieldb; = 2 x
kW/cn?). The autocorrelation analysis of the data shown in 1072 for the short component angqs = 2 ms with a transition
Figure 6a reveals a triplet lifetime of 98 ms with a relatively yield @, = 2 x 1074 In accordance with Veermann et &.,
low intersystem crossing rate of :310° st (d1 ~ 5 x 1079). we attribute the shorter component which also shows a
On the other hand, the intersystem crossing rate should increaseonsiderable distribution of10—150us to the triplet lifetime
with increasing excitation energy and by comparing the intensity of the carbocyanine dye Cy5, whereas the longer component
data shown in Figures 5a and 6a one might recognize that inof 0.5-5 ms might arise from conformational fluctuations in
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Figure 7. Fluorescence intensity time trace (1 ms/bin) and fluorescence lifetime measured at both detectors (Blue: intensity detector 1. Red:
intensity detector 2. Black: fluorescence lifetime.) from a single Cy5 molecule at an excitation energy of 2?kW/addition, the fluorescence

decays revealed from an intensity classification are shown. The gray marked decay corresponds to the dim-state with a fluorescence intensity of
2—11 kHz, whereas the black decay shows the photon counts from the on-stdtekHz). Both decay can be described satisfactorily with a
single-exponential model with a decay timewf- 2 ns.

the polymethine backbone, such as cis/trans isomerization orsimultaneously applying the time-tagged time-resolved (TTTR)
small distortions of symmetry or planarity of the chromophore mode. In combination with a sliding-scale analysis (see Ex-
leading to non- or only weakly absorbing and fluorescing states. perimental Section) fast fluctuations in fluorescence lifetime can
Experiments probing the dependence of the fluctuations on be resolved even in the millisecond rarfge.
excitation energy showed little evidence for light-induced  Approximately 20% of all molecules investigated in this study
processes. Table 2 summarizes the triplet parameters obtainedhowed clear evidence of spectral diffusion or changes in
from single JA242, JF9, and Cy5 molecules. fluorescence lifetime. The other molecules exhibited more or
Fluctuations in Fluorescence Lifetime and Spectrum. less pronounced rotational fluctuatiofid,e., sudden changes
Spectral diffusion of sulforhodamirfé?* and carbocyanine in fluorescence intensity with unchanged emission spectrum and
dyeg® have been studied already extensively by spectrally lifetime. Although we observed a wide variety of fluctuations
resolved single-molecule spectroscopy. The experimental datafor the investigated dyes we focus first on the carbocyanine
showed that spectral diffusion occurs over a broad distribution dye Cy5 and the two independent off-states observed by
of time scale (from milliseconds to seconds) and amplitude. In intensity autocorrelation analysis. If we have a closer look at
general, these fluctuations in emission spectra have beensome fluorescence intensity time traces of Cy5 molecules, often
attributed to transitions between different potential minima of two discrete intensity levels are obvious. Surprisingly, some of
the molecule’s energy landscape. These transitions might bethese molecules did not enter a real off-state, i.e., the count rate
due to either conformational changes of the backbone or sidedid not drop to the background level, but instead exhibited a
chains of the molecule (intramolecular motion) or small motions certain fluorescence intensity (Figure 7). In addition, in most
of the microscopic environment and subsequent distortion of cases these dim-states exhibited a red-shifted emission maxi-
the chromophore (intermolecular motion). It is obvious that any mum.
conformational change accompanied by a distortion of the The extent of fluorescence intensity change and spectral
backbone of the chromophore should result in a changed diffusion varies significantly from molecule to molecule.
absorption cross section at the excitation wavelength, a shift in However, because the intensity fluctuations take place in the
the absorption and emission maxima and a changed radiativesame time domain as the second off-time revealed from the
decay rate and emission yield of the chromopH6réé Hence, autocorrelation analysis we assume that the observed off-states
monitoring of the fluorescence lifetime with high temporal of 0.5-5 ms and dim-states have the same origin. For example,
resolution should allow to directly follow conformational if we consider only the shorter wavelength channel (blue
transitions in the chromophore. Moreover, the simultaneous channel) of the Cy5 molecule in Figure 7 we have to conclude
time-resolved pursuit of the excited state kinetics and emission that the molecule entered a real off-state state while the other
maximum reveals an elegant method to answer the questiondetector (red channel) still recorded a distinct intensity (see
whether a change in emission spectrum is accompanied by aFigure 7 at~400 ms and after-700 ms). In addition, a change
change in emission yield. However, since the molecule is in transition probability between the on- and dim-state occurred
resident in each state partly only for a time of the order of at~700 ms. With the knowledge of the detection sensitivity at
milliseconds, it is difficult to acquire a fluorescence decay with different wavelengths (Figure 3) we calculated an emission
sufficient photon count statistics for an unequivocal determi- maximum for the dim-state of 700 nm. On one hand, above
nation of the decay rate. Therefore, we monitored the fluores- 700 nm the detection sensitivity is at most one-third of the
cence emission maximum and lifetime of the chromophore detection sensitivity at the wavelength of the on-stat€740
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nm). In accordance with this, the overall count rate obtained emission yield dropped after the spectral jump (which is unlikely
during the dim-state is about only one-fifth of the count rate due to the unchanged fluorescence lifetime) or, more likely,
obtained during the on-state. On the other hand, the fluorescenceour model which assumes a constant Stokes shift and unchanged
lifetime remains more or less unchanged-@tns over the whole  shape of the absorption and emission spectra can no longer be
time trace independent of spectral diffusion. However, the maintained. The intensity fluctuations that occurred during the
fluorescence lifetime trace shown in Figure 7 has been calculatedlast ~500 ms are most probably due to a change in the
by adding up 500 subsequent photon counts disregarding theorientation of the transition dipole.

time lag (the intensity information). To directly compare the  The time trace of the molecule portrayed in Figure 8b was
fluorescence lifetimes of the levels which exhibited hlgher and obtained from a Sing|e JA242 that showed a hypsochromic
lower fluorescence intenSity, we used an intenSity classification. Spectra] jump after about 700 ms while the fluorescence lifetime
By this, all photon counts from channels which contained more remained unaffected. In addition, other photophysical parameters
than 11 counts/ms (defined as on-state) were fed into onechanged simultaneously, i.e., in the state with the red-shifted
histogram of arrival times while the photon counts from channels emission maximum (first 700 ms) the molecule showed no
with 2—11 counts/ms (defined as dim-state, gray area in Figure jntensity fluctuations indicating a very low intersystem crossing
7) were fed into another histogram. This procedure yielded two rate while after the transition to the blue-shifted state relatively
fluorescence decays which could both be well described by the fast blinking in the order of milliseconds was observed.

same single-exponential fit with a decay time-a2 ns (Figure Interestingly, the spectral jump occurred “during” an off-state
7). Hence,_ the flgorescence I!fetlme of the_ordlnary on-state and (as indicated by the spike in tHe-graph), i.e. the molecule

the red-shifted dim-state are identical within experimental error. jumped into an off-state and after 25 ms it recovered now

Out of the three dyes investigated, these characteristics, i.e.,exhibiting altered physical properties such as blue-shifted
fast spectral fluctuations in the millisecond range, were only emjission maximum and increased intersystem crossing rate. It
found for the carbocyanine derivative Cy5. We assume that js found quite often for all classes of dyes that significant
dependent on the extent of the spectral jumps off-states arespectral jumps occurred during off-states. In addition, the count
detected. The unchanged radiative lifetime is surprising, since rate of the JA242 molecule is considerably lower after the
we attributed the slower fluctuations observed in the ms time Spectra| ]ump a|th0ugh a h|gher count rate would be expected
range (0.55 ms) to a kind of twist around the polymethine due to the higher detection sensitivity at Bsvalue of 0.78
backbone which should be accompanied by a changed emissiortompared to 0.89 before the spectral jump (for comparison see
yield and radiative decay rate. This implies that the observed Figure 3¢-f). From Figure 8a,b we have to conclude that, with
spectrally shifted dim-states are obviously not due to a kind of exception of the radiative lifetime, some chromophores suddenly
distortion of the chromophores backbone. Such a distortion completely change their photophysical properties. Here one has
should significantly alter the radiative lifetime owing to a to keep in mind, that our interpretation of the fractional intensity
delocalization of electron density and greater access to nonra-in terms of emission maxima holds only true if we assume an
diative decay channels. unchanged shape of the absorption and emission spectra, and a

Furthermore, comparison of intensity time traces recorded constant Stokes shift of 20 nm. Recerffyeston et al. could
from different Cy5 molecules implies that the reduced photo- demonstrate, that the emission spectra of single Ditlecules
stability is connected with the off- or dim-state. Cy5 molecules exhibited a wide distribution of shape. While some spectra
which showed a higher transition probability photobleached showed narrow well resolved bands implying that the molecule
more often after less tinal s at anaverage excitation energy is coupled to a smaller number of vibrations than the average
of 2 kW/cn?. As can also be seen in Figure 7, the Cy5 molecule molecule, other molecules appeared to couple to a larger number
photobleached in the dim-state. of vibrations resulting in a broad unresolved emission spectrum.

In the f0||owing, we stress on certain new aspects which can Spectral shifts far from the average have been attributed to
be investigated by the applied multiparameter detection. Figure differences in the binding site of the molecule, quite possibly
8 shows five time-resolved traces of the fluorescence intensity, due to electrostatic interactions between the charged chro-
lifetime, and fractional intensity, of single rhodamine dyes ~ mophores and the glass surface.

JF9 (Figure 8a,e), and oxazine dyes (Figures 8b-8d) at different Thus, the observed changes in emission yield might result
excitation energies. The JF9 molecule shown in Figure 8a from smaller or larger changes in the absorption and emission
exhibited an almost constant fluorescence intensity and lifetime shape leading to a lower absorption cross section at the
(~4 ns) with a kind of time dependent red shift of the emission excitation wavelength or changed transmission intensities with
maximum from 665 to 670 nm during the first 2 s. During this respect to the filter system. Hence, the calcul&gdalue might
time the molecule jumped two times to a state with blue shifted change drastically. If for example some vibrational states of
emission maximum~655 nm). After~2.5 s the JF9 molecule  the chromophore are blocked it is also likely that the radiative
finally decided to stay in the blue shifted state until irreversible and nonradiative rates change. However, our data clearly
photobleaching occurred. demonstrate, that some chromophores jump to other potential

Interestingly, the fluorescence lifetime of this JF9 molecule Minima on their landscape with almost no change in radiative
(Figure 8a) remains almost unchanged with, if at all, only a decay rate.
very slight increase in fluorescence lifetime after the dramatic ~ On the other hand, independent of the chromophore structure,
change in fractional intensity=, occurred. Moreover the  we found only a few single molecules that showed both, changes
fluorescence intensity was constant before and after the spectraln spectrum and radiative decay rate. The JA242 molecule
jump. This behavior is always surprising since the apparatus shown in Figure 8c exhibited a spectral jump after about 12 s
exhibits a different detection sensitivity for each wavelength from an emission maximum at680 to ~640 nm. Not
and therefore changes in the emission wavelength should alwayssimultaneously, but instead about 50 ms later, the fluorescence
be connected with a changed count rate. In the case of the JF9ifetime increased from-2.5 to~4 ns accompanied by a change
molecule in Figure 8a, a higher count rate should be detectedin the blinking frequency. Here the longer lifetime and lower
after the spectral jump te~655 nm. However, either the overall fluorescence intensity are in accordance with the
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Figure 8. Analysis of single-molecule photophysical dynamics. Overall fluorescence intensity (black), fluorescence lifetime (red), and fractional
intensity F, (blue) as a function of time for single JF9 and JA242 molecules at different excitation p@var9 at 5 kwW/crd, (b) JA242 at 1

kWicn?, (c) JA242 at 5 kwW/cr, (d) JA242 at 1 kW/cri and(e) JF9 at 1 kW/crd The fluorescence intensity and fractional intensity recorded at
detector 2, are plotted with a bin width of 1 ms. For clarity of presentation, the shiewwalues are averaged over 10 data points. For fluorescence
lifetime binning we applied a sliding-scale analysis using 500 subsequent photon counts. Variations in the background level are due to the different
excitation energies and plotted maximum count rates.

detection sensitivity of the setup. Although the fluorescence molecule did neither exhibit a varying intersystem crossing rate
quantum yield in the blue-shifted state is obviously higher, the in any of the states nor did the length of the off-states obviously
recorded count rate dropped due to the reduced detectionchange and finally it did not show any dramatic changes in the
sensitivity at 640 nm. emission spectrum.

We also observed molecules exhibiting distinct changes in The JF9 molecule shown in Figure 8e exhibited similar
fluorescence lifetime that can clearly be distinguished from photophysical dynamics. It showed relatively fast changes
variations due to shot-noise. Especially, oxazine molecules between three states with different fluorescence yield and
exhibited a high sensitivity for changes in the radiative decay lifetime. Comparison with the count rate after irreversible
rate (about 30% of all molecules investigated) while lifetime photobleaching occurred@4 s) implies that the states with
variations are rather rare for the other types of dyes (10% for very low count rate are dim-states with unchanged spectral
JF9, and 13% for Cy5, respectively). About 50% of those characteristics but well distinct radiative decay rate, e.g., as
molecules showed a direct correlation between fluorescenceexpected from a bimolecular quenching mechanism. Since the
lifetime and fluorescence intensity, i.e., states with a relatively sliding-scale analysis averages over 500 subsequent photon
long lifetime showed an adequately higher fluorescence inten- counts, we decided to sum up all photon counts obviously
sity. Two examples of this class of molecules are portrayed in belonging to different fluorescence intensity and lifetime states
Figure 8d (JA242) and Figure 8e (JF9). manually. If we would have used a simple intensity classifica-

The JA242 molecule exhibited three discrete on-states with tion, the different radiative decay times of the state at the
distinct fluorescence lifetimes of 3.9, 2.2, and 1.6 ns, respec- beginning (B-2 s) and at around 14 s would have been attached
tively, and an additional off-state. Surprisingly, only the to the same state. Figure 9 shows the resulting three decay curves
fluorescence lifetime and fluorescence intensity changed. Thewhich could all be well described by single exponential
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groups®?i.e., changes in the HOMO and LUMO energfé4?63
Distortions of the chromophore backbone are very likely to be
always accompanied by changes in the radiative decay rate.
However, on the other hand, it is known that contact ion pair
formation, conformational changes in side chains, inhibition of
vibrations, and changes in the electronic levels of the chro-
mophore do not automatically influence the excited-state kinetics
to the same extent as they change the absorption and emission
maxima.

The influence of changes in the electron density at certain
atoms in the chromophore can be exemplified for the rhodamine
derivative JF9. The pentafluorophenyl group connected to the
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Figlure ‘~|9- Fh|U0fe$C?:r_lce d%g’? r?f C::ff?]f?r‘tt intet;si:ytleve{f] ZféZ‘i ;yF9 It follows from AM1 calculations that in the ground-state S
molecule snown In Figure € nigh-intensity state wi i H H
time of 3.83 ns(b) the r_nedium-intensity state with a decay time of Egetﬁfnfaﬁiﬁgighﬁqgﬁz/ u?ﬁ“%igg;?gg rﬁ?glyb%?isegg;cg?r
1.98 ns, andc) the low-intensity level with a decay time of 0.55 ns. - . . . . . .
In addition, the decay of the background recorded during 10 s after Substituents in ortho-position. Hence, in rhodamines with steric
the molecule photobleached is shown. pretentious substituents in the ortho-position of the phenyl ring,
the fluorescence lifetime of the chromophore is only marginally
models: (a) the high-intensity state with a decay time of 3.83 influenced by the substituents at the phenyl ighus, with
ns, (b) the medium-intensity state with a decay time of 1.98 ns, respect to the interaction geometry, counterions, impurities, or
and (c) the low-intensity level with a decay time of 0.55 ns. In the surface groups—NH;, —OH) themselves may influence
addition to the fluorescence decays of these three states thghe electron density at atoms of the chromophore thereby
decay of the background recorded during 10 s after the moleculechanging the absorption and emission maximum. Of course, it
photobleached, is shown in Figure 9. For construction of the cannot be excluded that such interactions also significantly
decays only the photon counts detected at the longer-wavelengttinfluence the excited state kinetics. However, it is unlikely that
detector (detector 2) were taken into account as for this they are responsible for the observed rapid fluctuations in
wavelength window the background is somewhat lower (almost fluorescence lifetime which could all be well described by
no scattered light). As can be clearly seen in Figure 9, the single-exponential decays. The fact that all other photophysical
background signal did not contribute significantly to the properties such as transition rates into off-states and emission
measured signal, i.e., the low background intensity allowed the spectrum are not altered gives evidence for an external bimo-
definite identification of a dim-state with a fluorescence lifetime lecular quenching mechanism. At present the source of the
of 0.55 ns and low emission yield, but unchanged emission external quenching (whether impurities or surface groups)
maximum. remains subject of speculation. Nevertheless, the existence of

To demonstrate that these molecules exhibited a constantdiscrete fluorescence intensity states in combination with various
emission maximum over the whole time trace, we used distinct fluorescence lifetimes supports the idea that certain
autocorrelation analysis of the measuFeeralues. As expected, ~ reaction geometries are required. Dependent on the interaction
no correlations were found in the autocorrelation function of geometry different quenching efficiencies and mechanisms may
the F2-values (data not shown). However, one has to be cautiousresult.
with autocorrelation analysis &-values as they are not always For simplification we tend to divide the observed photo-
expressive for spectral variations: Off-states also exhibit a physical dynamics into three subclasses: (a) molecules which
certainF,-value given by the background count rates at each show dynamic changes in emission spectrum accompanied by
detector. Hence, thé,-autocorrelation analysis would yield the  changes in transition rates into off- or dim-states, and changes
same correlation terms as the intensity autocorrelations. Thein radiative decay rate, (b) molecules exhibiting dynamic
same holds true for fluctuations in fluorescence lifetime and changes in emission spectrum, but a constant radiative decay
has to be kept in mind for autocorrelation analysis of these rate, and (c) molecules revealing only dynamic changes in
parameters. radiative decay rate. However, we have to point out, that in

Before discussing the changes in radiative decay time, we general any change in nuclear coordinates or excited state levels
want to focus on changes in emission maximum, i.e., spectral of the chromophore either induced externally or internally
diffusion of the chromophore. And even more important on the influences all photophysical parameters. Hence, the experimen-
fact, that most observed spectral fluctuations were not ac- tally derived classification might be rather controlled by several
companied by fluctuations in radiative lifetime. theoretical considerations:

In principle, there are several mechanisms which trigger  First, various transitions of the molecule on the potential
spectral fluctuations: isomerization or distortion of the chro- energy landscape or various interactions with electron donating
mophores backbone or side chains (generally conformationalor accepting groups will change each photophysical parameter
transitionsy124.25changes in vibrational staté%contact ion to a different extent. Due to the low photon count statistics
pair formation of the positively charged basic chromophéfes, obtained from single molecules minor dynamic changes are
and changes in electron density at certain atoms in the hardly resolved. In addition, especially in periods showing fast
chromophore in either the ground-state or first excited singlet fluctuations, changes in transition probabilities might be washed-
state by internal or external electron donating or accepting out. Second, surface inhomogeneity has to be taken into account,
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